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Abstract 
Hypervelocity collisions of asteroids onto planetary bodies have catastrophic effects on the 
target rocks through the process of shock metamorphism. The resulting features, impact 
craters, are circular depressions with a sharp rim surrounded by an ejecta blanket of variably 
shocked rocks. With increasing impact energy, the inner crater cavity can preserve complex 
morphologies including terraced walls, central uplifts, and melted rocks. The lack of erosion 
due to the absence of water or an atmosphere makes the Moon the perfect target to study 
impact crater processes, in particular the distribution of highly shocked materials within 
impact craters of different sizes. This study focuses on the characterization and distribution 
of highly shocked impact melt deposits using multispectral satellite datasets around three 
complex craters on the farside of the Moon. The study sites have varying morphologies of 
central uplifts on the crater floor: 1) the 81 km Olcott crater has a cluster of peak hills; 2) 
Kovalevskaya crater is a 113 km diameter complex crater with a central peak; and 3) 
Schrödinger basin has a central peak ring. Models propose that the collapse of crater walls 
and central uplifts during the final stages of crater formation determine where much of the 
melt rich rocks are eventually emplaced. The results of this study indicate that for increasing 
crater sizes, the volume of melt-rich rocks generated also increases – at rates greater than 
model estimates. Impact melt deposits are emplaced beyond the crater rims at each of the 
sites and preserve a range of morphologies, including melt veneers, melt sheet, and ponded 
deposits. The regional and local topography, together with crater modification processes 
greatly affect where the impact melts are finally emplaced. The compositional analyses of the 
farside crust, using multispectral reflectance spectroscopy in the UV-VIS-NIR range, 
indicates that there is increasing evidence of highly mafic compositions (i.e., rocks rich in 
high-Ca pyroxene, olivine, spinel) intercalated within the original crustal highlands (rocks 
rich in plagioclase feldspar, and low-Ca pyroxenes) on the lunar farside, proving that the 
lunar farside is a far more geologically complicated terrain than originally assumed. 
Keywords 
Impact Cratering, Moon, Multispectral, Remote Sensing, Mineralogy, Data Fusion, Surface 
Processes  
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Chapter 1  
1 Introduction 
Impact craters are very common geological features through the Solar System, occurring on 
the rocky surfaces of satellites, planets, and asteroids. Projectiles (asteroids or comets) 
collide with a target body at cosmic velocities. Together with the cosmic velocities and the 
subsequent effects of planetary gravity, the surface experiences variable shock pressures 
(Fig. 1.1), many orders of magnitude greater than pressures terrestrial rocks experience 
during regular, endogenous metamorphism (Stöffler, 1971). This results in permanent 
deformations with the target rock that range from brittle deformations to melting and 
vapourization. Impact craters are often thought of as “natural drills”, enabling scientists to 
determine the planetary subsurface due to the excavation of materials during the cratering 
event.  
The high levels of erosion (from both water and wind), volcanic activity, and plate tectonics 
throughout Earth’s history make it challenging to locate and sample materials from well-
preserved impact craters. The Moon is, therefore, one of the best places to study impact 
craters. The lack of an atmosphere or water results in the surface recording an impact history 
on the lunar surface. As a result, the lunar surface is covered with impact craters, round 
features with morphological depressions that range from a few metres to a few thousand 
km’s in diameter. The lunar nearside, the hemisphere permanently facing the Earth, is 
comprised of bright crustal materials (typically called the highlands), impact craters, and 
dark volcanic areas (lunar maria) filling large impact basins (Fig. 1.2A). The lunar farside, 
the hemisphere facing away from Earth, consists of highland rocks (Fig. 1.2B) and is 
interestingly void of widespread volcanic activity (Hiesinger and Head, 2006). The farside 
has an older surface with high impact crater densities and fewer large impact craters that are 
filled with volcanism (Hörz et al., 1991). The largest known impact crater in the solar system 
is on the lunar farside, the ~2000 km diameter South Pole -Aitken basin (Fig. 1.2B; Stuart-
Alexander, 1978; Head et al., 1993).  Studying impact craters on the lunar farside allows a 
better understanding of the effect of cratering on crustal materials, including the depth and 
degree from which materials on the lunar surface are excavated. 
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Figure 1.1:  Typical shock pressures (log scale) experienced during an impact 
event. With increasing shock pressures, the deformations on original rock are 
more permanent (from Stöffler, 1971). 
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Figure 1.2: Global mosaics of the lunar surface captured by the Lunar Reconnaissance 
Orbiter Wide Angle Camera (LROC –WAC). A) The lunar nearside hemisphere is 
comprised of round impact craters, light highland crustal rocks and darker volcanic 
mare deposits. B) The lunar farside has many impact craters; however, there is a lack 
of much volcanism filling large craters (Hörz et al., 1991). The outline of the South Pole- 
Aitken basin is marked by the black dashed line. [Image source: NASA/GSFC/ASU] 
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Remotely derived datasets are often used in planetary studies to determine the morphological 
characteristics of impact craters including the shape, size, and extent of impact materials. The 
use of multispectral data has additionally benefited scientists in characterizing the 
mineralogical compositions of planetary surfaces. The use of spectroscopy on laboratory 
samples has further allowed scientists to determine the effects of impact derived shock 
pressures on mineral structures (Adams et al., 1979; Bruckenthal and Pieters, 1984; Smrekar 
and Pieters, 1985; Pieters, 1996; Johnson and Hörz, 2003). 
In this study, various remote sensing datasets have been used in characterizing the 
distribution of impact materials around three complex impact craters on the lunar farside. The 
following sections in this chapter provide introductory details on the formation of impact 
craters, the preservation of impact craters on the Moon, a brief overview of the lunar 
geology, and the role remote sensing instruments have played in our understanding of the 
lunar surface.  
1.1 Impact Cratering – A Geological Process 
Impact craters form from catastrophic events that alter planetary surfaces and redistribute 
materials on the surface. Three main stages (Fig. 1.3) lead to the formation of an impact 
crater on a surface (Gault et al., 1968; Melosh, 1989), permanently deforming the 
surrounding area: (i) contact and compression of the projectile into the target; (ii) excavation 
and formation of a transient cavity; and lastly (iii) crater modification. The entire process of 
crater formation is instantaneous in a geological context, and the transition between each 
stage is a continuum. The following sections describe each of the impact cratering stages in 
more detail.  
1.1.1 Contact and Compression 
During the contact and compression stage, the projectile penetrates into the target, from 
model estimates as much as one to two times the diameter of the projectile (Kieffer and 
Simonds, 1980; O’Keefe and Ahrens, 1982). High pressure waves (shock waves) are formed, 
propagating through the projectile and into the target (Fig. 1.3A). The waves pass through the 
projectile, reach its rear surface, and are reflected back through the projectile as rarefaction 
waves thereby vapourizing the projectile (Ahrens and O’Keefe, 1972; Melosh, 1989). The 
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area of target surface immediately surrounding the projectile (depth equivalent to roughly 
two projectile diameters) is vapourized or melted (Ahrens and O’Keefe, 1972; Grieve et al., 
1977). With greater distances from the projectile, the target materials are fractured and 
displaced due to the passage of shock waves (the displaced rocks are called “impact 
breccias”; Stöffler, 1971). More details about the types of deformations within target rocks 
are listed in section 1.1.2. The duration of the contact and compression stage depends on the 
time taken for the shock wave to pass through the projectile (Melosh, 1989). The time taken 
for the projectile to vapourize generally depends on the size, composition, and velocity of the 
projectile, but typically it lasts for a fraction of the entire crater forming process (Melosh, 
1989). The maximum impact shock pressures and temperatures experienced by the target 
surface occur during the contact and compression stage (Melosh and Ivanov, 1999). 
1.1.2 Excavation 
The contact and compression stage is followed by the excavation stage, where the shock 
waves and reflected rarefaction waves propagate away from the point of impact radially 
along various paths along excavation flow lines through the target (Fig. 1.3B; Grieve and 
Cintala, 1981; Melosh, 1989). The shock wave propagates at supersonic speed away from the 
impact point, compressing the rocks and setting them in motion, moving down and outward 
(Fig. 1.4). The rarefaction waves have a similar effect on the rocks, however, they move in 
the opposite direction to the shock waves. At increasing depths beneath the point of impact, 
target rocks are driven by both shock and rarefaction waves, downward and outward. The 
movement of rocks in both directions results in the excavation of target rock, and the 
formation of a so-called transient cavity (Dence, 1968; Grieve and Cintala, 1981). The depth 
of a transient cavity is ~1/3
rd
 the cavity diameter (Dence, 1973; Grieve et al., 1989). 
Depending on the location within the transient cavity, materials move along excavation flow 
lines (Fig. 1.4) and get displaced within two zones of the transient cavity – the excavated and 
displaced zones (Fig. 1.3C). Materials within the “excavated zone” lie close to the surface 
and are eventually emplaced beyond the crater rim, forming crater ejecta (Oberbeck, 1975). 
This results in the redistribution of shocked materials and the emplacement of crater ejecta. A 
second zone, the “displaced zone” lies deeper within the transient cavity (Fig. 1.3C), and is  
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Figure 1.3: Three stages of impact crater formation showing the progression 
of shock waves and emplacement of shocked materials such as crater ejecta 
and melt sheets (from Melosh, 1989). 
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Figure 1.4: Cross sectional view of the excavation flow lines within a target surface 
(left), and the resulting scale of deformation within the rocks (right). Modified from 
Melosh, 1989. 
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comprised of materials that remain within the crater interior. The excavation flow lines 
transect different depths and shock pressures within the target (Fig. 1.4), and as a result 
materials excavated along these lines have variable degrees of shock. The displaced zone is 
filled with melt-rich and fractured rocks. The passage of shock waves through the target 
results in various degrees of deformation within the target rock. At low shock levels (< 5 
GPa), deformation is evident in the form of shatter cones and planar deformation features 
(PDFs). At moderate shock pressures (10 – 50 GPa) and temperatures, shocked materials 
preserve distinct features including an amorphous phase of minerals known as diaplectic 
glass (French, 1998 and references therein; Pieters et al., 1996). At the highest pressures (> 
50 GPa), the release of heat from the transfer of energy from the shock and rarefaction waves 
into the target melt and vapourize the original materials. With larger impact events, 
gravitational effects of the planet result in less of shocked target materials being ejected from 
the transient cavity. This results in a diverse range of shocked rocks being preserved within 
the cavity interior. More impact melt rocks are present within larger impact structures 
(Melosh, 1989). The transient cavity stops expanding once the shock and rarefaction waves 
are no longer able to excavate and displace the target rocks (Melosh, 1989).  
1.1.3 Crater Modification 
The final part of crater formation is the modification stage. The gravitational effects and 
target lithologies of the impacted planetary body affect the final impact crater shape, starting 
with the collapse of the crater wall. Depending on the size of the transient cavity, and the 
properties of the target rock, the resulting impact crater feature can have variable 
morphologies (Fig. 1.3D) – starting with a simple bowl shape cavity (simple crater) and 
transitioning to a cavity with an interior uplift and terraced walls (complex crater) (Melosh, 
1989). More about the morphologies of impact craters are discussed in the following section.  
1.2 Impact Crater Morphologies 
Impact craters can be classified into two main groups: simple or complex (Fig. 1.3D). Simple 
craters are roughly the same size as the transient cavity, characterized by a bowl-shaped 
depression filled with impact melt deposits overlaid on brecciated rocks, and smooth walls 
lacking terraces (Pike, 1980; Hörz et al., 1991). Beyond a given crater diameter, the transient 
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cavity is unstable and gravity of the target body modifies the transient cavity, and the simple 
bowl shape crater is now a more complex structure – with a rim, wall terraces and central 
uplifts on the crater floor (Pike, 1980; Melosh, 1989). The simple to complex transition size 
is different for various planetary surfaces but is predominantly governed by gravity (Pike, 
1980; Melosh, 1989). The ratio between the depth of the crater and the final crater diameter 
for a simple crater is around 1:5 (Pike, 1977). The depth to diameter ratio for a complex 
crater is lower than the ratio of a simple crater, but can range between 1/10 to 1/20 depending 
on the planetary body and size of the complex impact structure (Melosh, 1989). 
A fresh simple impact crater consists of a sharp rim (structurally uplifted rock) and a radial 
distribution of impact ejecta deposits surrounding the rim (more details about impact ejecta 
deposits can be found in section 1.3.1). The floor of a simple crater consists of a mixture of 
highly shocked impact melts and broken rock fragments (breccia lens) (Shoemaker, 1960).  
A fresh complex crater consists of an uplifted rim, gradually slumping terraces along the 
inner crater wall, and an uplifted structure on the crater floor. Melt deposits typically line the 
crater floor and overlie on brecciated crater floor rocks (Pike, 1980). The uplifted structures 
are either peaks or peak rings, representing rocks excavated from great depths beneath the 
centre of the transient cavity that rise during the modification stage. The uplift depth is 
typically 1/10 the final crater diameter (Melosh and Ivanov, 1999). Impact melt and ejecta 
deposits are also emplaced along terrace walls during the collapse and modification stages 
(Osinski et al., 2011).  
1.3 Crater Impactites  
Circular depressions on a planetary surface can be interpreted as a formation resulting from 
either exogenic (impact cratering) or endogenic (volcanism) processes. Often the 
identification of characteristic morphologies is required to determine the mode of formation. 
In the case of an exogenic origin; this includes identifying rocks that have been affected by 
the passage of shock waves, causing deformation. Rocks modified by impact events, 
including crater ejecta and impact melt deposits, are known as impactites (Stöffler and 
Grieve, 2007), and is discussed in detail below.  
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1.3.1 Crater Ejecta  
All fresh impact craters are surrounded by a continuous radial deposit of debris known as the 
“ejecta blanket”. This ejecta blanket is comprised of materials ejected from the excavated 
portion of the transient cavity and emplaced over the crater rim. Ejecta deposits are thickest 
at the crater rim and thin out with increasing distance from the crater rim (Oberbeck, 1975). 
Continuous ejecta deposits account for nearly half of the ejecta volume, and typically extend 
out one crater radius beyond the crater rim (Melosh, 1989). “Proximal” ejecta are continuous 
ejecta deposits that extend less than 5 crater radii from the rim (Melosh, 1989). “Distal” 
ejecta are deposits that extend farther out (>5 crater radii) from the rim and tend to be patchy 
in extent (Melosh, 1989).  
The continuous ejecta blanket around a crater is typically emplaced by a process called 
ballistic sedimentation (Oberbeck, 1975). On the Moon, ejected materials escape beyond the 
crater rim with some initial velocity and follow a nearly parabolic trajectory. The materials 
fall back to the surface striking with the same velocity possessed upon ejection. This type of 
ejecta is called “ballistic” ejecta (Oberbeck, 1975). Excavated materials that are close to the 
point of impact within the transient cavity are ejected first with the highest velocities. 
Therefore, these materials are propelled the farthest outward and strike the ground with high 
velocity. Excavated materials that originate far from the point of impact, closer to the walls 
of the transient cavity, are ejected out with lower velocities being emplaced close to the 
crater rim. Once emplaced, the ballistic ejecta material still has momentum to travel further 
laterally until frictional forces terminate the process (Oberbeck, 1975). Around complex 
craters, this lateral movement results in the incorporation of pre-existing ground material into 
ballistic ejecta, and is known as “secondary” ejecta (Oberbeck, 1975). Because materials in 
the transient cavity travel along excavation flow lines, they experience a range in pressures 
and temperatures (Fig. 1.4). Therefore, ejecta at any given location are a mixture of materials 
shocked to different levels. Proximal ejecta are made of rocks affected by various degrees of 
shock metamorphism – and include the mixing of breccias and impact melt rocks (Melosh, 
1989; French, 1998). Distal ejecta tend to be comprised of materials that experienced higher 
degrees of shock pressures, materials that have condensed from vapour or glassy spherules 
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solidified from melt (Melosh, 1989; French, 1998). Ejecta deposits around large craters may 
also incorporate large amounts of pre-existing ground material (Oberbeck, 1975).  
In addition to the ballistic ejecta and secondary ejecta, numerous observations have been 
made on another type of ejecta on terrestrial planets – a layer that has a sharp contact with the 
ballistic ejecta. Typically, these layers are impact melt-rich deposits, and can be found on 
crater terraces and beyond the crater rim as patchy deposits with varying morphologies. The 
morphologies of identified impact melt deposits on the Moon range from thin veneers to 
flows, lobes, and pooled ponds (Howard and Wilshire, 1975; Hawke and Head, 1977; Bray et 
al., 2010; Osinski et al., 2011). This layer is proposed to be emplaced at a later temporal 
point of the crater modification process, part of a multi-stage ejecta emplacement process 
(Osinski et al., 2011 and references therein). A melt rich layer within the displaced zone of 
the transient cavity may have been ejected out during the crater modification stage due to the 
effects of gravitational collapse of the crater walls and central uplift. Factors including the 
size of impactor, the angle of impact, original volume of melt produced within the transient 
cavity, and local topography can affect the locations of impact melt deposits overlying 
continuous ejecta.  
1.3.2 Impact Melt Deposits 
Impact melts are generated by the passage of shock waves and rarefaction waves through the 
target body, particularly at shock pressures of 50 GPa – 100 GPa (Fig. 1), resulting in the 
melting of target rocks. These melt deposits form a considerable part of an impact crater. 
Melt deposits can range from small glassy fragments to large kilometre-thick coherent sheets. 
The amount of impact melt produced during an impact event depends largely of the planetary 
gravity, size of impact, and rock porosities of the target (Cintala and Grieve, 1998; Osinski et 
al., 2011). As the magnitude of the crater event increases, the volume of melt generated also 
grows (Cintala and Grieve, 1998). The final modification phase of crater formation 
determines where impact melts are largely concentrated. In simple craters, much of the melt 
remains within the crater interior, overlying brecciated target rocks (Grieve and Cintala, 
1981). The melt deposits within complex craters form most of the crater fill deposits, 
however melt deposits can also be found on terrace walls and overlying impact crater ejecta 
beyond the rim (Hawke and Head, 1977). Gravitational effects of the planetary body result in 
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the collapse of the crater walls and central uplifts, providing further momentum for the melts 
to emplace along terrace walls and beyond the crater rim as a secondary phase of ejecta 
emplacement (Osinski et al., 2011).  
1.4 Use of Remote Sensing Datasets in Geological 
Interpretations 
Remotely derived datasets are often used in planetary studies to understand the geology of 
surfaces (such as the shape, size and extent of impact craters for example), particularly when 
directly accessing surface rocks and conducting laboratory analyses is impossible. Remote 
sensing instruments are of two kinds – active and passive sensors (Joseph, 2005). Active 
sensors emit energy towards a target and measure the reflected radiation. Passive sensors 
detect natural radiation emitted or reflected by a target. Common types of remote sensing 
databases include photography, radar, thermal, reflectance, and emission energies recorded 
using different parts of the electromagnetic spectrum (ultraviolet, visible, infrared, x-ray, 
gamma, etc.). Using a combination of these instruments enables us to characterize the 
morphologies of impact craters on planetary surfaces based on the macroscopic assessments 
of impactites including impact melt deposits, ejecta deposits, etc.  
1.4.1 Role of Spectroscopy 
Reflectance spectroscopy is currently the most useful technique for remotely measuring the 
mineral assemblages of planetary surfaces. Regions of the electromagnetic spectrum, for 
example using ultraviolet, visible, and infrared spectroscopy, are commonly used to derive 
mineralogical information of the surface (Pieters, 1998). Elemental abundances present on a 
planetary surface can be gathered using spectroscopic instruments specifically designed to 
detect them. Each mineral or rock type has a characteristic spectral signature, absorbing 
energy at specific wavelengths – thereby providing an indication of the crystal structure (Fig. 
1.5). Instruments aboard spacecraft can detect variations in the energy emitted or reflected by 
the target surface, and the information captured is used to create a spectral profile. By 
combining morphologic data with spectral data, we can determine the spatial context and 
compositional detail for an area of interest. 
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Figure 1.5: The absorption responses of elements for various parts of the 
electromagnetic spectrum. The cause of response is dependent on the crystal 
structure, or presence of any crystal defects. For example, within the ultraviolet, 
visible, and infrared range, the cause of absorption is due to the electronic and 
vibrational effects on molecules. 
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1.5 The Moon 
The Moon is the only natural satellite of Earth, with a gravitational field 1/6
th
 that of Earth’s. 
Telescope data, satellite data, and analyses of samples from the Apollo missions have greatly 
helped scientists in their understanding of the lunar surface and geological history of the 
Moon (e.g., Hiesinger and Head, 2006; Lucey et al., 2006). These analyses suggest a simple 
dichotomy within rock types on the Moon; volcanic rich rocks and ancient crustal materials 
(discussed further in sections 1.5.1.1 and 1.5.1.2). The surface of the Moon is dominated by 
impact craters, with a wide range of morphologies and sizes. Other features on the lunar 
surface include lunar regolith (Papike et al., 1982) fine-grained and unconsolidated broken 
fragments of rocks subject to impacts. Constant bombardment of micrometeorites on the 
regolith has resulted in the formation of glassy materials called agglutinates (Morris et al., 
1978). The lunar nearside (tidally locked hemisphere in view from Earth) has a greater 
percentage of volcanic deposits than the lunar farside.  
1.5.1 The Lunar Stratigraphy 
Based on remotely sensed data, it is assumed that the Moon is differentiated into a crust, 
mantle and possible core (Hiesinger and Head, 2006 and references therein). Within the lunar 
crust, the top 10 m of the lunar surface is made up of surface regolith (Fig.1.6). Regolith is 
fine grained (< 1cm), and forms from surface rocks that have eroded due to constant 
micrometeorite bombardment on the lunar surface. Beneath the regolith layer is the 
megaregolith layer, comprised of large-scale ejecta and structurally disturbed crust (Fig. 1.6). 
The ejecta deposits and fractured crust is part of large impact basins that have formed from 
multiple events of large impacts early in the lunar history (Hiesinger and Head, 2006). 
Impact basins are complex craters that exceed 150 km in diameter (see section 1.5.2 for more 
details on the classification of impact craters on the Moon). The ~2 km thick ejecta layer, is 
essentially ballistic and secondary ejecta of large impact basins and is comprised of a mixture 
of impactites including impact melts and displaced rocks. The rest of the crust consists of 
structurally disturbed crust and fractured in situ rocks (Fig. 1.6).  
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Figure 1.6: Cross sectional view of the lunar crust. The top 25 km is comprised of 
impactite materials emplaced from the formation of large impact basins (modified from 
Hiesinger et al., 2006 and references therein). 
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1.5.1.1 Highland crust 
Generally, it is believed that the energy released from a Mars-size impactor with Earth 
resulted in the ejection and re-accretion of the Earth’s crust and upper mantle material to 
form the Moon (Hartmann and Davis, 1975; Kipp and Melosh, 1986). Soon after accretion, 
the Moon was mostly molten with a large magma ocean (Smith et al., 1970). The cooling of 
this ocean led to the settling of heavy ultramafic minerals like olivine and pyroxene into the 
mantle. Lighter minerals such as plagioclase feldspar floated to the top levels and formed the 
pristine lunar crust (Smith et al., 1970; Wood et al., 1970). Highland rocks are heavily 
cratered crustal terrains comprised of brecciated rocks from large impact basins. The lunar 
highlands comprise of anorthosites (rocks with >90% plagioclase) and magnesian-suite rocks 
(Warner et al., 1976; Papike et al., 1998).  Ferroan anorthosites typically have >94% 
anorthosite and mafic silicates with high Fe/Mg content (Warren et al., 1993). The 
magnesian-suite (Mg-suite) rocks have a greater Mg/Fe content and include dunites, 
troctolites, norites, and gabbronorites (Warren et al., 1993). The upper crust is dominated by 
plagioclase feldspar and low-Ca pyroxene, but the composition gets increasingly iron rich 
with depth (plagioclase; low and high-Ca pyroxene; and olivine) (Tompkins and Pieters, 
1999).   
1.5.1.2 Lunar Maria 
Mare are generally smooth areas composed of basalts that have originated from the re-
melting of mantle cumulates produced during differentiation of the Moon (Taylor et al., 
1991).  Unlike the highlands, mare regions are rich in mafic elements such as iron and 
titanium.  Mare deposits are enriched in olivine and clinopyroxene but depleted in 
plagioclase (Pieters, 1978).   
1.5.2 Impact Craters on the Moon 
The Moon is an excellent natural laboratory to study the morphologic characteristics of 
impact craters. With a good impact record and lack of extensive surficial modifications, the 
lunar surface preserves the morphology, morphometry, and the extent of various impact 
materials including impact ejecta and impact melt deposits. On the Moon, impact craters 
excavate materials that are typically composed of either of highland anorthositic or mantle 
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derived Fe-rich rocks. A lower gravity means that complex craters are much deeper on the 
Moon than in terrestrial craters (Sharpton, 1994). 
Impact craters on the Moon are recognized by their characteristic morphology (Fig. 1.7). For 
increasing rim diameter, the morphology of craters on the Moon varies from simple craters to 
complex craters and finally large impact basins (Stöffler et. al, 2006).  The transition 
diameter from simple to complex crater on the Moon ranges from ~10 km – 25 km (Smith 
and Sanchez, 1973; Pike, 1980).  However, further research has revealed that the transition 
occurs at 16 km within mare surfaces, and ~21 km in the highlands (Pike, 1980). The central 
uplifts within complex craters are typically central peaks (Fig. 1.7B; Hale and Head, 1979). 
The transition from complex to larger impact basins is marked by a series of stages 
characterized by a gradual increase in peak heights, and the widening of peaks to a cluster of 
peak hills (Hale and Head, 1979). The crater morphology further transitions into a protobasin 
– a crater with a central peak and peak ring (Pike 1988; Baker et al., 2011). For diameters > 
200 km on the Moon, the central peak vanishes and is replaced by an inner concentric ring of 
irregular mountain peaks, forming a peak-ring basin (Melosh, 1989; Baker et al., 2011). 
Currently there are 17 known peak-ring basins and three protobasins on the Moon (Baker et 
al., 2011). Schrödinger basin (Fig. 1.7C) is a well preserved example of a peak-ring basin, 
and is the focus of Chapters 2 and 4. Beyond Peak ring basins transition to multi-ring basins 
– basins with more than two concentric rings within and beyond the basin rim (Pike, 1985; 
Melosh, 1989; Spudis, 1993; Head, 2010). Orientale basin (930 km diameter) is a well-
known example of a multi-ring basin (Fig. 1.7D; Head et al., 1993). The South Pole-Aitken 
basin (2100 km diameter) is the second largest known basin in the solar system, and based on 
its size it is presumed to be a multi-ring basin (Wieczorek and Phillips, 1999). Basins get 
increasingly shallow with larger diameters due to gravitational (isostatic) responses and 
infilling during the crater modification stage (Melosh, 1989; Spudis, 1993). The interior 
morphologies within basins are often modified from the effects of volcanic activity, and 
erosion due to continual impact (meteoritic and micro-meteoritic) bombardment on the 
Moon. 
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Figure 1.7: Impact craters on the Moon show a diverse range of morphologies. A) 
Typical simple crater (1 km diameter) displays a sharp rim, sloped walls, and 
inner depression. B) Theophilus crater, a 100 km complex crater, displays 
terraced walls, a smooth floor, and a central uplifted peak. C) Schrödinger basin 
is a 312 km complex crater with an interior peak ring (Chapter 2). D) Orientale 
basin is a ~930 km complex crater with multiple peak rings and mare deposits 
within the interior. [Image source: NASA/GSFC/ASU] 
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1.5.3 Lunar Missions 
Various missions have been sent to the Moon to gather data on the topography, composition, 
internal structure, magnetic field, and impact flux of terrestrial surfaces (Hiesinger and Head, 
2006 and references therein). Detailed data was derived from lab analyses of the Apollo 
mission samples. Missions since the 1990’s (Clementine, Lunar Reconnaissance Orbiter, 
Chandrayaan-1) have acquired global coverage and added further information  including the 
improved detail of the topographic expressions of impact craters, the identification of hidden 
mare deposits  (Antonenko et al., 1995), and the discovery of water (Pieters et al., 2009a). 
The specifications and instrument details utilized in this study are summarized in Table 1 
(Nozette et al., 1994; Pieters et al., 2009; Robinson et al., 2010; and Smith et al., 2010). 
1.5.4 Spectral characteristics of Lunar materials 
Ultraviolet and visible spectral analyses of the Apollo samples and telescopic observations in 
the near infrared have enabled scientists to characterize the spectral properties of various 
lunar materials. These particular wavelengths are useful, because they exhibit identifiable 
diagnostic absorptions features created by the electron transitions of ferrous iron within the 
crystal structure (Fig. 1.5; Burns, 1993).  
Anorthosites within the lunar highlands display a diagnostic broad absorption feature at 1.3 
µm, indicating the presence of plagioclase feldspar (Fig. 1.8; Smrekar and Pieters, 1985; 
Pieters, 1998).  Mare spectra have stronger absorption features due to higher content of mafic 
minerals (compared to highland) (Smrekar and Pieters, 1985).  Mafic minerals include 
olivine and pyroxene. Olivine displays a broad triple absorption feature near 1µm (Fig. 1.8; 
Smrekar and Pieters, 1985; Pieters, 1998). Typically, pyroxenes have distinct absorption 
features - near 1 and 2 µm (Fig. 1.8; Smrekar and Pieters, 1985; Pieters, 1998).  Low-Ca 
pyroxene features typically display absorption bands centred near 0.90 – 0.93 µm (Smrekar 
and Pieters, 1985). High-Ca pyroxene features display absorption bands centred near 0.97 – 1 
µm (Smrekar and Pieters, 1985). Rocks with a mixture of high and low-Ca pyroxene have 
absorption bands near 0.94 µm (Smrekar and Pieters, 1985).  
As the surface matures due to constant bombardment of solar particles, there is an increase in 
agglutinates and the weakening of the overall strength of the absorption bands. However, the 
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Table 1.1: Spectral and spatial resolution details of various instruments sent on recent lunar missions with global coverage 
*1 Nozette et al., 1994; *2 Robinson et al., 2010; *3 Smith et al., 2010; *4 Nozette et al., 2010; *5 Pieters et al., 2009b
Mission Clementine *
1
 
(1994) 
Lunar Reconnaissance Orbiter (LRO) 
(2009 – present) 
Chandrayaan-
1 
(2008 – 2009) 
Instrument Ultraviolet-Visible 
(UV-VIS) Camera 
Wide Angle 
Camera 
(WAC) *
2
 
Narrow 
Angle 
Camera 
(NAC) *
2
 
Lunar Orbiter 
Laser 
Altimetry 
(LOLA) *
3
 
Miniature Radio 
Frequency  
(Mini-RF) *
4
 
Moon 
Mineralogy 
Mapper (M
3
) 
*
5
 
# bands 
5 7 1 
-  
2 85 
Spectral Range 415, 750, 900, 950, 
1000 nm 
300 – 680 
nm 
400 – 750 
nm 
- S – band 
(12.6 cm) 
0.4 to 3 µm 
Spectrum 
Coverage** 
UV-VIS-NIR UV-VIS Panchromatic  Radar UV-VIS-NIR 
Spatial 
Resolution 
~120 – 250 m/pixel 100 m/pixel 1 – 2 m/pixel 5 m (H); 10 
cm (V) 
30 m/pixel 140 m/pixel 
** Coverage terminology follows conventions defined in the lunar literature 
21 
 
 
 
 
Figure 1.8: Laboratory derived spectral profiles of lunar materials [Source: RELAB Spectral Library]
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location of the absorption bands remains the same making identification of minerals and 
rocks on the Moon possible (Adams and McCord, 1971). 
1.6 Thesis Outline 
In this study, both the morphological and spectral aspects of three complex impact craters 
have been combined to provide for a more accurate assessment of impact crater 
characteristics. The three craters are all located on the lunar farside, and range in diameter 
from 81 to ~312 km. The crater units are easily identifiable in image view, and all three 
craters have central uplifts with varying morphologies. The study sites are Olcott crater, 
Kovalevskaya crater, and Schrödinger basin.  
For each crater site, the topographic expressions are assessed; the extents of impactite 
materials are mapped using high-resolution data at visible wavelengths. Mapped units 
include the crater ejecta, impact melt deposits, and central uplifts. In addition, reflectance 
spectral profiles of all the morphologic features within each crater are also collected using the 
various multispectral (UV-VIS-NIR) datasets. Particular attention is paid to the 
characteristics and distribution of impact melt deposits within these complex craters, to better 
understand the emplacement mechanisms of impactites on the Moon.  
In Chapter 2, a multispectral study is conducted on Schrödinger basin. Schrödinger basin 
(312 km diameter), is a well preserved peak ring basin located on the lunar farside, along the 
rim of the much larger South Pole-Aitken (SPA) basin. The relatively young age (Lower 
Imbrian series, or 3.8 Gyr) of this basin has made it an ideal site to study the geology of peak 
ring basins in general (Shoemaker et al., 1994; Shoemaker and Robinson, 1995; O’Sullivan 
et al., 2011; Souchen et al., 2011), and at a broader scale, the geological history of SPA. 
Impact materials still recognizable include a well-defined crater rim, wall terraces, quasi-
circular peak ring, and interior and exterior melt units. Several mare patches and a small 
pyroclastic deposit that covers a portion of the basin floor are indicative of the local volcanic 
activity within Schrödinger. This study uses Clementine multispectral UV-VIS data, and a 
limited set of higher spectral resolution Chandrayaan-1 Moon Mineralogy Mapper (M
3
) data, 
as well as radar, camera and topography data from the Lunar Reconnaissance Orbiter to 
better understand Schrödinger’s geology. Sampled spectral profiles and linear unmixing 
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models applied to the Clementine data indicate there is a heterogeneous distribution of both 
anorthositic and basaltic materials within the crater floor. These results challenge the 
traditional assumption that Schrödinger was formed in mostly highland terrain. Our 
assessment brings forth a new understanding regarding the placement of Schrödinger basin 
within SPA, and the role impact materials within SPA may have affected the compositions 
present within Schrödinger basin.  
In Chapter 3, a complete multispectral characterization of Olcott crater is discussed. Olcott 
crater (81 km diameter) is a well preserved impact feature located on the central highland 
lunar farside and along the eastern edge of the much older, degraded Lomonosov-Fleming 
basin (Giguere et al., 2003). Olcott crater is similar in size to Tycho crater (85 km), a well-
studied impact crater (Smrekar and Pieters, 1985; Morris et al., 2000; Hirata et al., 2009; 
Dhingra and Pieters, 2012; Carter et al., 2012). The preservation of impact generated 
morphologic features at Olcott crater makes it an ideal site to study the geology of complex 
craters of this crater size on the lunar farside. Impactite materials include a well-defined 
crater rim, wall terraces, a cluster of central peaks, and an interior melt unit. This study uses 
primarily higher spectral resolution Chandrayaan-1 Moon Mineralogy Mapper (M
3
) data, as 
well as camera and topography data from the Lunar Reconnaissance Orbiter to better 
understand the geology of Olcott crater. Sampled spectral profiles and composite maps using 
M
3
 and Clementine data indicate the southern half of the crater is mafic rich and dominated 
by pyroxene-rich materials. The strong concentration of pyroxene rich materials indicates 
that the crater event forming Olcott likely tapped into buried mare units within the larger 
Lomonosov-Fleming basin. Our assessment brings forth a new understanding regarding the 
placement of Olcott within Lomonosov-Fleming basin.  
Chapter 4 is a comparison study on the distribution of impact melts beyond the crater floor 
for three complex craters – Olcott, Kovalevskaya, and Schrödinger. The characterization of 
impact melt deposits (beyond the crater floor) are made for both Olcott crater and 
Schrödinger basin following the multispectral assessments from Chapters 2 and 3. As an 
intermediate crater size comparison, the characterization of impact melt deposits of 
Kovalevskaya crater, a 113 km size complex structure on the lunar farside with a fractured 
interior central uplift, is also considered. This study uses mainly high resolution camera and 
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topography data from the Lunar Reconnaissance Orbiter and M
3
 spectral data in the 
assessment. Furthermore, area and volume measurements of melt deposits at all three craters 
are calculated, and a comparison is made to model estimates (Cintala and Grieve, 1998) of 
melt volumes for the original transient cavities for these craters.  
Chapter 5 provides a general discussion and summary reviewing the characterization of 
impact melt deposits from Chapters 2 to 4. The benefits and challenges in the instrument data 
are summarized. The discussion also re-examines the geologic histories for these craters in 
context with our understanding of the lunar farside. The use of data fusion techniques and its 
potential for future research is also discussed, particularly in their value for advancing the 
scientific community’s understandings of the impact cratering processes on a geologically 
old surface.  
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Chapter 2  
2 A multispectral geological study of the Schrödinger impact 
basin 
Data from the Lunar Reconnaissance Orbiter (LRO) and Chandrayaan-1 missions provide an 
opportunity to study lunar impact craters at previously unavailable resolutions and 
wavelengths (e.g., Bhandari, 2004; Goswami et al., 2006; Chin et al., 2007; Robinson et al., 
2010). Various datasets, including topography (Lunar Orbiter Laser Altimetry, LOLA), 
multispectral imagery (Clementine ultraviolet and visible-UVVIS-Camera; LRO Camera-
LROC; Moon Mineralogy Mapper-M
3
), and synthetic aperture radar (Mini-RF) can be used 
to characterize the composition and spatial extent of impact crater materials, including 
impact ejecta and shocked materials. While crater materials are easily identifiable within 
fresh small craters, it is often hard to determine the extent of impact melt and ejecta deposits 
for larger craters (D > 100km). This is because most large craters are relatively old and, thus, 
have experienced subsequent surface “gardening” from later impact events. 
The Schrödinger impact basin, located near the southern rim of the larger South Pole-Aitken 
(SPA) basin, is an excellent site to study the distribution of impact materials within large 
craters. Schrödinger materials are minimally modified in comparison to other large basins, so 
identifying the compositions of impact materials and characterizing their distributions can be 
more readily determined. Based on mapped units and crater counting, Schrödinger basin is 
proposed to be early Imbrian in age (3.8 Gyr) (Wilhelms, 1987). This makes it one of the 
youngest peak ring basins on the Moon, with a well preserved rim, terrace walls, and basin 
floor. In addition to being an ideal candidate for studying the formation of peak-ring basins, 
its location within SPA has also made it a high priority target for future lunar exploration and 
sample return missions (Souchen et al., 2011; O’Sullivan et al., 2011). 
The goals of this study are to update our understanding of the geology of Schrödinger using 
the currently available multispectral datasets, with a specific emphasis on identifying and 
characterizing the extent of impact melt deposits beyond the crater basin rim. This will lead 
to a better understanding of the emplacement mechanisms of impact melts around large 
craters. This paper seeks to 1) characterize the compositions of previously mapped geologic 
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units in Schrödinger  (Shoemaker et al., 1994; Mest and van Arsdall, 2008; van Arsdall and 
Mest, 2008; Mest, 2011) using the Clementine and Chandrayaan-1 multispectral bandsets, 
and 2) use new data from the Lunar Reconnaissance Orbiter and Chandrayaan-1 missions to 
extend the existing geologic map to include all Schrödinger impact materials, including 
crater ejecta and external melt deposits that are not resolvable at Clementine scale 
resolutions. 
2.1 Geological setting of the Schrödinger impact basin 
Schrödinger is a large peak-ring impact basin, with a diameter of 312 km, located near the 
south pole on the lunar farside at ~75
°
S, 130
°
E, at the edge of the much larger SPA basin 
(Fig. 2.1).  SPA basin is an extremely large, possibly multi-ring, structure on the lunar farside 
and is considered to be the oldest (Pre–Nectarian, ~4Ga), largest (~2,600 km), and deepest 
(~12 km) lunar impact basin (Lucey et al., 1998; Pieters et al., 2001). While the SPA impact 
excavated the predominantly anorthositic upper crust, materials exposed within the basin 
may represent lower crustal or upper mantle materials (Pieters et al., 2001). If impact models 
can be extrapolated to a scale as large as SPA, it is quite likely that impact melts of SPA may 
lie along terraced surfaces and outside the topographic rim in addition to filling the basin 
floor. Over four billion years, however, subsequent impact events have worked to redistribute 
SPA materials in a process called “impact gardening” (Housen et al., 1979). The location of 
Schrödinger along the rim edge of SPA suggests that the composition of Schrödinger can 
give us insight into SPA materials.  
The first geologic interpretations of Schrödinger were based on medium to high resolution 
photographs (20–60 m/pixel) taken from the Lunar Orbiter V spacecraft (Wilhelms et al., 
1979; Wilhelms, 1987).  From this dataset, along with later Clementine images, different 
geologic units were mapped in the basin interior (Fig. 2.2) and the surface age was 
determined from crater counts (Wilhelms et al., 1979; Shoemaker et al., 1994; Mest and van 
Arsdall, 2008; Mest, 2011). Identified geologic units are described in detail below. 
The basin floor has most units interpreted as shock-melted materials. The melt unit on the 
basin floor has been mapped as two separate units (as observed using Clementine data) with  
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Figure 2.1: A) The location of Schrödinger (dashed circle) shown within the 
topographic extent of the South Pole - Aitken basin (topography using LOLA data). B) 
Regional view of the Schrödinger impact basin centered at 75
o
S/130
o
E (Clementine 750 
nm band). C) A close up of Schrödinger shows a well preserved impact crater with a 
basin wall, terraces, peak ring, interior mare patches, and a pyroclastic deposit within 
the basin floor. 
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Figure 2.2: Original geologic map of Schrödinger impact basin. Adapted from Shoemaker et al. (1994). 
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distinct rough and smooth textures (Shoemaker et al., 1994). The rough plains unit has a 
hummocky texture and fills the area between the terrace walls and inner peak ring. The 
smooth plains unit covers a smaller part of the basin, lying mainly within the inner ring 
(Shoemaker et al., 1994, Shoemaker and Robinson, 1995).  Fractures on the southern part of 
the basin floor are partly radial and extend away from a local volcanic vent (discussed further 
below). Graben radial to the basin have been explained as the isostatic response of the central 
basin area after the melt sheet was emplaced (Shoemaker et al., 1994; Schultz, 1976).  
Parts of the basin floor are also covered by a low albedo pyroclastic deposit and mare patches 
(Shoemaker and Robinson, 1995).  The pyroclastic deposit within Schrödinger covers an area 
of ~820 km
2
 (Gaddis et al., 2003).  The source for the pyroclastic deposit is a volcanic vent 
4.8 km by 8.6 km in size that rises 0.5 km above the basin floor (Shoemaker et al., 1994). 
The cross–cutting fractures and concentrated spatial coverage of deposits near the vents 
indicate that the pyroclast deposits occurred after the crater forming event.  Other mapped 
features on the basin floor include ghost craters, a lobate ridge, as well as secondary craters 
from the Orientale, Humboldt, and Antoniadi impacts (Shoemaker et al., 1994).  
The inner peak ring on the basin floor is 150 km in diameter and rises 2.5 km above the basin 
floor (Shoemaker et al., 1994; Mest and van Arsdall, 2008; Cook et al., 1999). Data from the 
recent Kaguya and Chandrayaan–1 missions have led to the identification of pure anorthosite 
and olivine materials within various segments of the peak ring (Ohtake et al., 2009; 
Yamamoto et al., 2011; Kramer et al., 2011). 
Schrödinger basin has a well-defined outer rim.  The basin depth, measured from the highest 
rim height to the lowest part of the floor using Lunar Reconnaissance Orbiter Laser Altimer 
data (LRO-LOLA), is deepest (3-4 km) along the northern and western parts of the basin and 
shallowest along the southern and eastern sections of the basin ( ~ 1-2 km). Ejecta deposits 
lie outside the basin and are concentrated along the north east sections of the rim, extending 
up to 100 km from the basin rim (Hawke and Head, 1977; Shoemaker et al., 1994). Beyond 
the basin rim, narrow valleys (Vallis Schrödinger and Vallis Planck) start from the north- 
northwest corners of the rim and extend away from Schrödinger basin into the surroundings 
(Wilhelms et al., 1979) (Fig. 2.1).  
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The total mapped volume of impact melt units within the basin floor (Shoemaker et al., 1994) 
is much less than model calculations would estimate (Cintala and Grieve, 1998). It has been 
suggested that much of the impact melt may lie along terrace walls, over the peak ring, and 
outside the basin area (Shoemaker and Robinson, 1995; Cintala and Grieve, 1998). With the 
improved spectral resolutions offered from recent spacecraft missions, it is now possible to 
determine if there are significant melt deposits (ponds) along the walls and beyond the rim of 
Schrödinger.  
2.2 Methods 
To conduct this study, we selected an area that includes the basin interior, the rim of 
Schrödinger and exterior deposits extending up to 1.5 crater radii from the basin centre. The 
geographical extent for the area was 67–82°S and 100–160°E. We used the Clementine UV-
VIS multispectral dataset to: 1) determine the spectral properties and compositions of 
previously identified geologic units within Schrödinger; 2) address the potential presence of 
deeper derived materials within Schrödinger; and 3) run spectral unmixing models to 
determine the fractional abundances of basalt and anorthosite in the basin. Higher resolution 
data from the Lunar Reconnaissance Orbiter and Chandrayaan-1 were used to compliment 
the regional scale Clementine data.  
2.2.1 Multispectral Study 
Clementine 
 The Clementine UV-VIS dataset was used to assess the material composition and extent of 
previously mapped units. The dataset was manipulated in various ways for analyses. We 1) 
generated composite maps to determine maturity and iron content details (Pieters et al., 1994; 
Lucey et al., 2000), 2) gathered sample spectra of previously identified geologic units 
(Shoemaker et al., 1994) and classified sampled spectra based on composition, 3) ran an 
automated algorithm to determine the distribution of fresh basalt spectra (Antonenko and 
Osinski, 2011), and 4) ran a linear–unmixing model to determine the spatial distribution of 
identified spectral units (Sheppard, 2005). These techniques are discussed in detail below. 
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False colour ratio maps (Fig. 2.3A), created using the UV-VIS data, help accentuate features 
that otherwise are not obvious in single-band albedo alone, such as the surface maturity and 
the presence of mafic materials (Pieters et al., 1994). Colour ratio maps help accentuate 
features that otherwise are not obvious in band images alone. An FeO weight percent map for 
the area was also generated using algorithms defined by Lucey et al., 2000 (Fig. 2.3B). 
Together, these maps were used to determine fresh surfaces and significant FeO rich areas 
that may be present. 
Spectral profiles were derived by plotting reflectance levels at each of the five UV-VIS (415, 
750, 900, 950, 1000 nm) bands of Clementine data to provide information regarding the 
broad material composition of different mapped units. The most common lithologies on the 
Moon are mare basalts and highland anorthosites; these are expected to be present within 
Schrödinger as well. Spectra were sampled from all geologic units previously identified by 
Shoemaker et al. (1994).  Spectra sampling sites were typically located along sloped surfaces 
or freshly exposed surfaces with a 1x1 pixel window size (Clementine data has a 100-200 
m/pixel spatial resolution (Nozette et al., 1994)). We avoid using weathered spectral profiles 
in our analyses as they are hard to distinguish. Sloped surfaces tend to expose the freshest 
surfaces by inhibiting regolith build-up. Freshly exposed surfaces on the slopes of smaller 
craters can be used to sample the immediate subsurface (McCord et al., 1981; Antonenko, 
1999; Staid et al, 2000). Shadowed regions or overly bright areas (where reflectance was 
supersaturated) were not used for spectra selection to avoid misinterpretations. Sampled 
spectra were classified as basalt (defined as rocks rich in pyroxene, and which may or may 
not contain olivine), highland (defined as rocks rich in plagioclase), or “ambiguous”. 
The distribution of pixels suggesting the spectra of fresh mafic–rich material was also 
derived using an algorithm defined by Antonenko and Osinski (2011). This algorithm was 
developed in equatorial regions to automatically identify very fresh basalt spectra using a 
combination of continuum slope and band depth. Since Schrödinger is located closer to the 
south pole, some caution is required with the use of this algorithm. Even so, high 
concentration areas of fresh mafic-rich material were noted to be generally consistent with 
the FeO dataset (Fig. 2.3B). 
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Figure 2.3: A) Clementine-derived false colour ratio composite map of the study area. The area appears to be a largely 
matured surface with the exception of post – Schrödinger impact craters within and around the basin. The pyroclastic 
deposits and mare patches are relatively mafic rich compared to the rest of the study area. B) FeO weight % map of the 
study area. Values were derived using algorithms defined by Lucey et al., 2000. Both the mare patches and pyroclastic 
deposits have higher than average FeO content. Shadowed areas also show high FeO content, but this is a known 
artefact. 
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We ran spectral unmixing models using PCI Geometrics proprietary standard algorithms 
ENDMEMB and SPUNMIX (Sheppard, 2005) to obtain fractional maps of basalt and 
anorthosite distributions for the study area. High concentration areas of basalt and anorthosite 
were noted for analyses in the distribution of spectral endmembers relative to geological 
units previously identified. A dark endmember was also included to factor in shadowed areas 
(Fig. 2.8E).  
Chandrayaan-1 (Moon Mineralogy Mapper)  
We also examined a portion of the study area using data from the Moon Mineralogy Mapper 
(M
3
) instrument on board Chandrayaan-1 (Fig. 2.4). M
3
 data covers the UV-VIS-NIR 
(ultraviolet-visible-near infrared) spectrum like the Clementine dataset but has improved 
spectral resolution and range, allowing for a more accurate evaluation of compositional 
information. The spatial resolution of M
3
 (140 m/pixel) is comparable to that of Clementine 
(100 m/pixel) but the spectral resolution of global mode M
3
 data is greatly improved at 20–
40 nm. At the time of study, only one image strip was publicly released for the study area. 
The data (image # M3G20090529T013507) was used to assess the spectral properties of all 
the geological units present and test our Clementine results at a preliminary level. The M
3
 file 
was originally a Level1b file (pixel-located, resampled, and calibrated data in radiance units), 
and radiance values were converted to reflectance, using techniques outlined by Green et al., 
2010. The criteria for selecting suitable spectral sampling sites are the same as for 
Clementine multispectral data. The spectral coverage of M
3
 ranges from 446 nm to 3000 nm. 
Spectra were sampled using a 3x3 pixel average. Each spectral profile acquired was 
compared to the M
3
 spectral library (Lundeen et al., 2010) to determine mineralogy.  
LRO Mini-RF Data 
Complementary information can be obtained by observing Schrödinger basin at radar 
wavelengths. Radars use an active source to probe the lunar surface at wavelengths of several 
centimetres to several metres, yielding information about the topography, and roughness of 
the reflecting surface. Unlike visible images, radar is also capable of probing the near 
subsurface, to depths roughly ten times the radar wavelength (Campbell and Campbell, 
2006).  
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Figure 2.4: A) Context view of Chandrayaan-1 M
3
 data used in this 
study (M
3
 strip M3G20090529T013507). The blue box and roman 
numerals indicate context of 4C. B) Product footprint showing 
coverage of 4A, with a Clementine 750 nm basemap. C) i – v: 
Context views of sampled geologic units for Fig. 9. i) red box = 
Exterior melt deposits; ii) orange box = terrace surfaces; iii) yellow 
boxes = basin interior melts, pink dashed line = peak ring surface, 
blue arrow = mare patch; iv) blue box = pyroclastic deposit, pink 
lines = peak ring surface; v) yellow box = basin interior melts, 
orange box= terrace surfaces, green box= crater ejecta. 
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Earth-based radars have been mapping the Moon since the 1970s (e.g., Zisk et al., 1971), and 
advances in computer processing have made very high–resolution radar imagery of the Moon 
possible (on the order of tens of metres, e.g., Carter et al. (2009); Campbell et al. (2010)). 
However, given the synchronous rotation of the Moon about the Earth, ground–based 
observers have been unable to probe the lunar far side. The Mini–RF instrument on the Lunar 
Reconnaissance Orbiter has, therefore, provided our first view of Schrödinger basin at radar 
wavelengths, with a resolution of 30 m at S–Band (12.6 cm). 
One of the most useful indicators of surface roughness is the circular polarization ratio 
(CPR). This value is defined as the ratio of the backscattered power in the same–sense 
circular polarization as was transmitted (SC) to the opposite–sense circular polarization (OC) 
(Nozette et al., 2010). When an incident circularly polarized radar wave is backscattered off 
an interface, the polarization state of the wave changes. Thus, flat, mirror–like surfaces, 
dominated by single–bounce reflections, tend to have high OC returns and low CPR values. 
Rough surfaces, dominated by multiple–bounce reflections, tend to have roughly equal OC 
and SC returns, with CPR values approaching unity. We, therefore, created both radar 
backscatter and CPR maps for the study area and assessed the roughness scale for several 
mapped units of Schrödinger. 
2.2.2 Mapping exterior melt deposits 
Melt pond regions are defined as smooth deposits that drape over crater ejecta or pool into 
low lying crevasses along crater walls, outside the outer rim, and surrounding area. Exterior 
melt deposits are easily recognizable as smooth surfaces with a lower albedo than the 
surrounding crater ejecta. Various datasets were utilized for mapping impact melts along the 
basin wall and outside the basin rim. Locations of different melt deposits (including ponds, 
veneers, and flows) were identified using the Clementine 750 nm band (data at 100 pixel per 
degree resolution).    
We have also used extensive coverage from the Lunar Reconnaissance Orbiter datasets, 
including altimeter data (LOLA – 20 m along track resolution and 0.1–1.8 km cross track 
resolution), and camera data (panchromatic Narrow Angle Camera (NAC) at 0.5 m/pixel 
resolution; and multispectral Wide Angle Camera at 100 m/pixel resolutions) (Robinson et 
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al., 2010; Smith et al., 2010) for mapping the locations of melt deposits associated with 
Schrödinger.  
2.3 Results 
2.3.1 Regional context  
The Clementine false colour ratio composite map of the study area indicates that most of the 
basin area and surrounding surface is mature highland material (Fig. 2.3A). Mature surfaces 
indicate that soils (top millimeter depth) have been exposed to space radiation on the surface 
for long periods of time, and likely have a high content of agglutinates (Morris et al., 1978). 
Typically the degree of maturity is assessed by comparing the abundance of reduced iron to 
the total abundance of iron (Morris et al., 1978); therefore the more mature a surface, the 
redder it appears in false colour. Iron- rich materials appear in shades of yellow-orange for 
mature materials or turquoise for fresh materials. An iron-rich crater ray feature of low 
maturity can also be observed in the false colour image (Fig. 2.3A).  It is important to take 
precaution in interpreting the false colour details, particularly along topographic regions of 
the study area. Due to the high phase angles encountered at high latitudes, some regions (e.g., 
along terraced walls to the north, along the south-facing slopes of the peak ring, and 
shadowed craters) are subject to extreme lighting and high saturations levels (Figs. 2.1, 2.2). 
Therefore in the false colour map (Fig. 2.3A), shadowed areas and super-saturated areas can 
provide incorrect information.  
The iron (FeO wt%) weight percent distribution map for the study area (Fig. 2.3B), created 
using algorithms defined by Lucey et al. (2000), shows that iron compositions are 
comparable to levels expected for that region of the South Pole–Aitken basin (Lucey et al., 
1998). We find FeO rich material within the volcanic vent and mare sites, as expected. 
However, we use precaution in interpreting this map for the same reasons as mentioned 
above for the false colour map. Because of the high phase angles, we consider only regional 
trends in FeO distribution, not the exact FeO values. We minimize the importance of isolated 
anomalies where saturation may be an issue.  
Spectral profiles, from Clementine data, were sampled at various locations within the basin 
(including peak ring, basin floor, mare patches, pyroclastic deposit, and basin ejecta). The 
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small number of sites sampled in this work is the result of a lack of small fresh craters 
resolvable using Clementine UV–VIS data. The compositional analysis indicates a slightly 
heterogeneous distribution of both anorthosite and basalt signatures (Figs. 2.5, 2.6).  
The automated algorithm applied to the area provides an independent way to identify fresh 
mafic-rich areas (Fig. 2.7). As expected, pyroclastic deposits display basaltic spectra. 
Interestingly, much of the basin floor, particularly between the inner peak ring and basin 
wall, is void of much fresh mafic indicators - a factor of surface maturity. Similar to our 
interpretation of the FeO distribution map, we use caution and look only for clusters of 
mafic-rich areas due to the high phase angles encountered at these latitudes. The mafic-rich 
spots along the basin rim to the south, along the peak ring, and southern areas outside the 
basin, have very high phase angles and, therefore, may not reflect the true composition. 
However, there are regions where mafic-rich clusters exist and may indicate more about the 
composition. These regions include a small fresh crater on the southwest basin floor, two 
small craters on the west and north east part of the basin ejecta, and a strong cluster ~0.5 
crater radius to the northeast beyond the rim. In addition, mafic-rich spectra trend along the 
general geographic direction as the crater ray identified in figure 2.3A. 
Unmixing analyses of the study area confirm that distributions of anorthosite and basalt 
endmembers are not confined to specific geologic units (Fig. 2.8). Within the anorthosite 
fraction map (Fig. 2.8A), pyroclastic deposits and mare regions appear dark (as expected). 
The inverse is true in the basalt fraction map (Fig. 2.8B). The basalt fraction map also 
indicates that many post-Schrödinger impact craters have a strong basalt endmember 
signature, and the eastern half of the study area has also relatively high basalt endmember 
coverage. The crater ray present across the eastern half of the basin floor is clearly visible in 
the basalt fraction map (Fig. 2.8B) and indicates its parent crater post-dates the post-
Schrödinger impact event. The dark fraction map (Fig. 2.8C) includes shadow areas as well 
as some geologic units (mare patches, pyroclastic deposits). Both anorthosite and dark 
fraction maps preserve the topographical features, indicating the need for additional 
endmembers (Fig. 2.8D).  
With the single M
3
 image used in this study, there is very little surface coverage of the 
various units, including the lack of tectonic ridge material available to sample (Fig. 2.2, Fig.  
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Figure 2.5: Locations of sample spectra obtained for all mapped geologic units 
mapped in Fig. 2.2, as well as the crater ejecta extending to the limits of this image. 
The sample number is low due to the lack of fresh craters resolvable within the 
instrument parameters. The distribution of basalt and anorthosite materials is 
heterogeneous. 
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Figure 2.6: Sample spectra of mapped units in and around Schrödinger using 
Clementine data. A) Normalized sample spectra from the mare, pyroclastic 
deposits and tectonic ridge within the basin floor of Schrödinger. B) and C) 
Normalized sample spectra from the melt deposit units and exterior ejecta 
respectively. 
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Figure 2.7: Mafic rich spectral distribution using algorithm defined by Antonenko 
and Osinski, 2011. The distribution shows mafic spectral content for the pyroclastic 
deposits on the basin floor, sporadic distribution along the peak ring, within post 
Schrödinger impact craters, and along the eastern half of the study area. 
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Figure 2.8: Spectral un-mixing fraction maps. A) Anorthosite distribution: most 
materials within and around Schrödinger are rich in anorthosite, however, 
topography is preserved so this endmember includes some component that is not 
associated with composition. B) Basalt distribution: Crater ejecta (north of basin 
rim), an external impact crater ray, and tectonic ridge are basalt rich. C) Dark 
fraction: shadow areas are well highlighted. However, both the mare patches and 
pyroclastic deposits are picked up as well indicating more spectral endmembers are 
required to accurately characterize the compositions of these units. D) Root mean 
square (RMS) error map of spectral un-mixing results. 
51 
 
 
2.4 for M
3
 context).  Spectra sampled from fresh small craters within most geologic units 
visible in the image file show the presence of pyroxene (Fig. 2.9). The spectra have low 
reflectance and display noise; therefore, it is challenging to identify the mineral or rock type 
present.  
In Mini-RF (Fig. 2.10) S-Band data (12.6 cm), the basin interior displays an increased radar 
backscatter (Fig. 2.10A) and CPR (Fig. 2.10B) compared to the regions outside the crater, 
indicating the basin’s interior surface and near-surface is rough at a scale of centimeters to 
decimeters.  There is also a radar bright crater ray (Fig. 2.11A) that corresponds to the region 
of high Fe abundance as seen in Figure 3A. The pyroclastic deposits appear radar dark, 
which is consistent with observations of pyroclastic deposits on the near-side of the Moon 
(Carter et al., 2009).  The average CPR of the pyroclastic deposit is near ~0.6, which is 
higher than that observed in near-side deposits, but may be consistent with the increase in 
CPR expected with increasing incidence angle (see Figure 4 in Carter et al. (2009); Mini–RF 
has a look angle of 48°). Alternatively, it may indicate that the deposit is relatively shallow, 
less than several meters thick. The two mare patches are distinguished by higher radar 
backscatter and CPR than the surrounding basin.  Their CPR of ~0.7 is consistent with 
regions of similar TiO2 content (5%) in Mare Imbrium (Campbell et al., 2010).  The TiO2 
distribution is calculated using algorithms defined by Lucey et al. (1998). These high values 
of CPR have been attributed to abundant cm–sized rock fragments, likely from small 
impacts, and subsurface volume scattering (Campbell et al., 2010). The exterior impact melt 
deposits identified in the Clementine images do not noticeably differ in radar properties 
compared to the surrounding regolith, suggesting perhaps that they are buried under a lot of 
regolith.  
We present an updated geologic map combining previously mapped units by Shoemaker et 
al. (1994) and Mest (2011) with the impact melt pond areas identified along the terrace walls 
and beyond the basin rim in this study (Fig. 2.12). Melt units within the basin floor are 
combined to one “inner melt” unit in contrast to other published maps due to the spectral 
similarities between the rough and smooth plains units as discussed further in Chapter 4, 
section 4.2.2. 
i 
ii 
iii 
iv 
v 
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Figure 2.9A: Chandrayaan-1 M
3
 derived sample spectra of basin floor pyroclastic and 
mare units indicate the presence of mafic minerals, as expected. 
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Figure 2.9B: Chandrayaan-1 M
3
 derived sample spectra of the basin interior impact 
melt unit indicate the presence of low-Ca pyroxene and some plagioclase feldspar. 
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Figure 2.9C: Chandrayaan-1 M
3
 derived sample spectra of the peak ring indicate the 
presence of mostly low-Ca pyroxene, with potentially some plagioclase feldspar. 
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Figure 2.9D:  Chandrayaan-1 M
3
 derived sample spectra of the terraced surfaces 
indicate materials are mostly low-Ca pyroxene. 
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Figure 2.9E: Chandrayaan-1 M
3
 derived sample spectra of the ejecta unit suggests a 
mixture of various materials including plagioclase feldspar and both low and high-Ca 
pyroxene. 
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Figure 2.9F: Chandrayaan-1 M
3
 derived sample spectra of the exterior melt deposits 
indicates a strong signature of low-Ca pyroxene. 
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Figure 2.10: Mini-RF results of study area. (A) Total radar backscatter 
mosaic of Schrödinger crater in S–Band, from the mini–RF instrument 
aboard the Lunar Reconnaissance Orbiter. Red box outlines location of Fig. 
11. (B) CPR mosaic of Schrödinger crater overlaid on a total radar 
backscatter mosaic.  Here, the CPR has been scaled from 0 (purple) to 1.2 
(red). [Image credit: ISRO/NASA/JHUAPL/LPI] 
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Figure 2.11: Mini-RF results of study area. A) Inset view of Fig. 2.10 showing radar 
properties of three sites, (1) radar bright mare patches, (2) radar bright crater ray, 
and (3) radar dark pyroclastic deposits. B) Clementine 750 nm band view of same 
area as in A). 
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Figure 2.12: Compiled geologic map of the Schrödinger basin (building on work from Shoemaker et al. (1994), and 
Mest and vanArsdall (2008)) including the locations of exterior melt deposits.   
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2.3.2 Basin interior pyroclastic deposits, tectonic ridge, and mare 
patches 
The pyroclastic deposits and mare patches are high in mafic content, as observed from 
various data products, including the false colour ratio and iron maps, Clementine-derived 
spectral profiles, and spectral unmixing fraction maps (Figs. 2.3, 2.5–2.8). Clementine 
spectral data indicates that the pyroclastic vent and deposits have a predominantly 
basaltic profile (Fig. 2.6A).  Basalt spectra have distinctive absorption features near 1µm 
(indicating the presence of olivine) and absorption features near 2 µm (indicating the 
presence of pyroxene) (Pieters, 1978). Anorthosite spectra show increase in reflectance 
with increasing wavelengths, lack absorption features at 1 µm due to the absence of 
ferrous iron, and a weak absorption feature near1.3 µm (Pieters, 1986). Spectral profiles 
of the tectonic ridge unit are significantly different from mare and volcanic vent spectra. 
As is the case with many geological units sampled, it is difficult to accurately identify the 
composition of these units using the Clementine dataset, as the spectra are neither purely 
basalt nor anorthosite and are, therefore, termed ambiguous. M
3
 spectra indicate there is 
pyroxene, within the small section of mare patch and within the pyroclastic deposits, 
however with the low reflectance values it is difficult to assess the composition more 
accurately (Fig. 2.9A). With M
3
 data, the greater number of bands provides a more 
distinct spectral characteristic for both basalts and anorthosites.   
2.3.3 Basin interior melt deposits 
Previously, impact melt deposits beyond the peak ring have been mapped as “rough” and 
the innermost melts within the peak ring as being smooth (Shoemaker et al., 1994). 
However, from a spectral perspective, both the “rough” and “smooth” plains impact melt 
units show a similar spectral trend to each other (Figs. 2.6B, 2.9B). They are mostly 
basalt-like in character with sporadic spectra showing occurrences of anorthosite. 
Sampled M
3
 spectra of the impact melt deposit indicate the strong presence of pyroxene 
(Fig. 2.9B) confirming our Clementine results (Fig. 2.6B). The absorption strengths of 
pyroxene at 1µm and 2µm vary in intensity suggesting variation in grain size, although 
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the degree of this is unknown. Mini-RF data indicates that there is a similar cm–scale 
roughness between the melt units (Figs. 2.10, 2.11).     
2.3.4 Peak ring 
From Clementine data, the peak ring unit appears to be predominantly anorthosite in 
composition, with few basalt profiles (Figs. 2.5, 2.7). M
3
 spectra sampled along the peak 
ring suggest the minor presence of plagioclase with low-Ca pyroxene being more 
represented (Fig. 2.9C).  
2.3.5 Terraces and basin wall 
Several sites along the terraced basin walls were sampled for spectra using Clementine 
data. Clementine spectra along the basin wall suggest that the composition here consists 
mostly of anorthosite, with the occasional presence of basalt (Fig. 2.6C). A few craters 
sampled in the narrow M
3
 data image strip that was available to us indicate a more 
pyroxene rich area than earlier inferred using Clementine data (Fig. 2.9D).  
2.3.6 Exterior ejecta and impact melt deposits 
Preliminary observations suggest that beyond the basin floor, impact melt deposits are 
also found along the basin walls and beyond the crater rim (Fig. 2.12). Using high 
resolution LROC data, the presence of melts is inferred from the smooth texture and low 
albedo characteristics (Fig. 2.13). Observations from previous publications indicate that 
the greatest degree of wall slumping of Schrödinger occurs on the eastern part of the 
basin (Hawke and Head, 1977; Shoemaker et al., 1994). This is consistent with the 
hypothesis that emplaced impact melt deposits can pool within topographic lows (Osinski 
et al., 2011). Most of the exterior impact melt deposits presently identified are located 
beyond the north-eastern parts of the Schrödinger rim. 
High resolution LROC images of ejecta and exterior melt deposits highlight significant 
textural differences (Fig. 2.13). Much of the ejecta materials preserve a coarse, leathery 
texture, such as are seen in many places on the Moon (Schultz, 1972, Antonenko, 2012). 
The exterior melt regions, in contrast, are smooth and lack this leathery texture. Melts   
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Figure 2.13: A) LROC images of inner basin melts and peak ring material that are 
similar in texture to the exterior deposits (product M141473253RC). B – D) LROC 
images of ejecta and melt deposit regions beyond Schrödinger crater rim (products 
M105860485LC; M141418958RC; M141473253RC). 
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also have a lower albedo than surrounding materials (which are interpreted to consist 
predominantly of Schrödinger ejecta). Sampled Clementine spectral profiles of the 
continuous ejecta blanket suggest the presence of both basalt and anorthosite (Fig. 2.6C). 
Sampled M
3
 spectral profiles of basin ejecta, however, indicate a large distribution of 
mafic materials, particularly pyroxene (both low-Ca and high-Ca type) (Fig. 2.9E).  
Exterior impact melt deposits show spectral variation in the Clementine data and suggests 
the presence of both basalt and anorthosite materials. The cluster of fresh basalt-rich 
spectra identified using the algorithm of Antonenko and Osinski (2011) suggests a 
stronger mafic signature beyond the basin rim along the north east section (Fig. 2.7). 
Both the compositions of the exterior melt deposits and basin floor melt deposits are 
assumed to be of the same melt material due to their spectral similarities. M
3
 spectra 
suggest a similar spectral trend of the external melts to the ejecta material, namely an 
abundance of mafic minerals (exclusively pyroxene) (Figs. 2.9E, F).  
2.3.7 Post-Schrödinger impact features and secondary craters 
Post-Schrödinger event crater materials, both within and outside the basin rim, are well 
preserved with most of the associated impact materials being easily recognizable. These 
craters appear green to blue on the Clementine derived false colour ratio map (Fig. 2.3A) 
indicating a fresh surface, and the low FeO wt % (Fig. 2.3B) indicates the exposed 
materials to be a more feldspathic surface. From the LROC and M
3
 data images, high 
spatial and spectral resolutions respectively allows more fresh smaller craters to be 
identified and spectrally sampled.  
The distribution of fresh mafic material, determined using the algorithm of Antonenko 
and Osinski (2011), highlights ejecta deposits of a 10 km crater on the southwest part of 
the basin floor (Fig. 2.7), which has a strong basalt composition signature compared to 
the rest of the basin floor materials. This suggests that the subsurface material at that 
location is higher in mafic content unlike the rest of the Schrödinger basin. A possible 
explanation of this observation is that the Schrödinger forming impact event could be 
tapping into potential cryptomare areas in this section of Schrödinger’s floor, or sampling 
A B 
C D 
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SPA impact melt materials. Using M
3
 data other post–Schrödinger events spectrally 
sampled within the image extent show a mafic signature (e.g., along the basin peak ring, 
terraced surfaces, etc) where typically deeper materials are assumed to be excavated 
during the cratering process. 
2.4 Discussion 
We have provided the first detailed multispectral assessment of Schrödinger, a well- 
preserved peak-ring basin structure. This study focused on investigating the composition 
of previously mapped impactite units within and immediately surrounding the basin. The 
results from this study provide a foundation for determining the role of impact cratering 
in distributing target materials, particularly in the case of Schrödinger, but also at a wider 
scale in the South Pole-Aitken basin. Multispectral datasets of all scales greatly aid in 
piecing together the geological puzzle by combining image detail and spectral 
information.   
2.4.1 Regional context   
An interesting observation is the increased mafic content within the basin floor of 
Schrödinger and beyond the basin rim, as well as the lack of anorthosite with respect to 
the surrounding surficial target materials as evidenced by spectral profiles using M
3
 data 
(Fig. 2.9). The simplest explanation for this is heterogeneities within the target, i.e. the 
pre-existing materials of the South Pole-Aitken basin.  
New altimetry data (LOLA) from LRO provides improved resolution to characterize the 
topographic dichotomy that exists between the western and eastern half of Schrödinger 
(Fig. 2.14). The terrain west of Schrödinger is topographically higher than to the east. 
This is likely a pre-Schrödinger feature and related to the structure of the South Pole-
Aitken basin rim.  
It has been recognized that topography governs the movement of exterior impact melt 
deposits or “ponds” (e.g., Hawke and Head, 1977; Osinski et al., 2011). As such, impact 
materials such as exterior melt ponds may preferentially deposit into topographic lows, 
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Figure 2.14: Digital Elevation Model of Schrödinger and surrounding region (with 7x vertical exaggeration, 
source: LOLA). Elevation decreases moving eastward and along the northern edges of the area. 
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with an extreme example being the large exterior melt pond in King Crater (Heather and 
Dunkin, 2003). With the regional dip in topography towards the north-east (Fig. 2.14), 
there is a high chance of impact melt exiting the basin in the eastern direction, and this 
study has identified and mapped large deposits of smooth materials interpreted as impact 
melt in the same area (Fig. 2.12). However, the possibility of an oblique impact resulting 
in the same observations cannot be ruled out. The high mafic concentrations (Figs. 2.7, 
2.9) from the spectral analyses along the same northeast area could, therefore, indicate 
sampling of lower crust and/or mantle materials from the South Pole-Aitken event. This 
is consistent with a new impact ejecta emplacement model, which predicts that melt 
ponds should be derived from deeper lithologies than the underlying ballistic, continuous 
ejecta blanket (Osinski et al., 2011). An alternative explanation would be the presence of 
cryptomare material in this region.  
2.4.2 Inner basin materials  
The Clementine dataset provides an overall picture of the composition of Schrödinger 
materials. Both basaltic and highland materials exist; however, exact proportions of the 
two are not easily resolvable. With much of the surface being mature, both the continuum 
slope (415 nm/750 nm) and absorption depths in general are weakened at most of the 
sampled sites. At the latitude of Schrödinger, high phase angles require careful analysis 
of compositional information.  
The lack of fresh craters uninfluenced by high phase angles makes it difficult to find 
reliable sites that meet our sampling criteria to sample spectra within this study area. 
With the currently available data, all impact material units on the basin floor show 
spectra that suggest compositions of both pyroxene and feldspar. Spectral profiles from 
M
3
 data suggest that there may be a lot more pyroxene-rich materials present within the 
basin floor (cf., Kramer et al., 2011).  
2.4.3 Mare patches and pyroclastic deposits 
Most spectral profiles of these units capture the mafic absorption features well, however 
there is a certain degree of “spectral noise” leading to some of the interpretations being 
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ambiguous (Figs. 2.3B, 2.5, 2.6A). M
3
 spectra sampled from the mare patch indicate the 
presence of pyroxene, however there is a high degree of noise.  
The observation of the mare patches using radar (Mini-RF) is interesting because 
typically mare patches have relatively high iron and titanium content, which increases the 
radar loss tangent and inhibits volume scattering, and therefore should appear radar dark 
(Campbell et al., 1997). The relatively rough surface textures of mare patches (which 
exceed those of rough terrestrial lava flows at radar wavelengths) might be attributed to a 
relatively young surface rich in cm–sized rocks from small impacts.  
2.4.4 Peak ring 
The presence of both pyroxene and feldspar spectra from Clementine data, as seen in this 
study, within the peak ring is of great interest as it can potentially shed light into the peak 
ring formation process. Recent identification of olivine and pure anorthosite signatures 
within the peak ring using the Kaguya dataset (Yamamoto et al., 2010; Ohtake et al., 
2010) provides some indication that the peak ring material may be derived from deep 
within the subsurface where the transient cavity reached its maximum expansion. 
However, the identification of mafic content along the peak ring (Figs. 2.6, 2.7, 2.8, 2.9) 
provides new insight into what the subsurface may be comprised of. From constant 
cratering activity since the formation of SPA, the pre-impact terrain of Schrödinger could 
possibly contain mafic rich materials (redistributing of mare materials, from other nearby 
crater events, or mafic content from within SPA itself).  
2.4.5 Post-Schrödinger crater units 
High concentrations of basalt spectra derived from the automated algorithm (Antonenko 
and Osinski, 2011) are located within post–Schrödinger craters on the southwest section 
of the basin floor and to the northeast beyond the basin rim (Fig. 2.7). These high 
concentrations suggests that the observed spectral features truly reflect compositional 
information, and are not sporadic clusters or artefacts linked to high phase angles or 
topography.  
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Making inferences on the compositions along these post-Schrödinger craters in many 
ways can give us insights into the pre-Schrödinger impact settings. An example of this is 
the distribution of fresh mafic material (determined using the algorithm of Antonenko 
and Osinski (2011)) within a small 10km crater on the basin floor (Fig. 2.7). The high 
cluster of fresh basalt spots suggest that the subsurface material at that location is high in 
mafic content unlike other regions of the basin floor that are filled with impact melt 
deposits. The crater is greatly separated from the pyroclastic deposit and mare regions of 
the floor, therefore making this an interesting observation. Recent preliminary analyses of 
the basin floor using M
3
 data also picks up the largely mafic signature within post-
Schrödinger-impact craters suggesting that there may be a greater depth of origin for the 
Schrödinger event impact materials (Kramer et al., 2011). However, this is also consistent 
with Schrödinger tapping and excavating large ponds of impact melt from SPA that may 
be mafic rich.  
2.4.6 Spectral unmixing model results 
The spectral distribution within Schrödinger (from un-mixing models) is difficult to 
assess using only two spectral endmembers (anorthosite and basalt) (Fig. 2.8). The 
flatness and lack of topography in the basalt fraction map (Fig. 2.8B) indicate that much 
of the interpretation is accurate and high areas of basalt content are not due to 
topographic factors. However, the inclusion of topography in the anorthosite endmember, 
or the inclusion of shadowed areas, maria, and pyroclastic deposit in the dark fraction 
endmember indicates that additional endmembers are required for more accurate 
assessment of the spectral distribution within Schrödinger basin. Incorporating other 
compositions found within the SPA basin as spectral endmembers, and using higher 
spectral resolution data sets (e.g. M
3
) can lead to more accurate spectral distributions 
particular to Schrödinger (Pieters et al., 1997; Kramer et al., 2011). 
2.4.7 Impact melt and ejecta deposits  
In this study, we combine the previously identified textural rough and smooth units into 
one “inner melt” unit.   This inner impact melt unit displays a common spectral trend (a 
heterogeneous mixture of both feldspar and pyroxene-like spectra), indicating that the 
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material is likely the same with only a textural difference (as expected from cratering 
models). Exterior melt deposits appear relatively radar smooth with the exception of 
overlying fresh craters with rough ejecta deposits. 
For the continuous ejecta blanket beyond the basin rim, sampled Clementine spectral 
profiles suggests the presence of anorthosite (Fig. 2.6C). This is in agreement with the 
general location of Schrödinger within the farside lunar highlands. However, the low 
count of plagioclase feldspar–type spectral profiles from the M3 image area, and the 
higher occurrence of pyroxene-type spectra are different from the Clementine results 
suggesting that high spectral resolution of M
3 
data (85 spectral bands versus 5 spectral 
bands in Clementine) may be giving us more information of the material distributions. 
Impact melt ponds located beyond the basin rim are concentrated on the northern and 
eastern parts of the study area and along the basin rim. As noted above, we suggest this 
may be due to the lower regional topography in this area. Previous observations found 
that exterior melt ponds occur within 0.70 radii of the Schrödinger rim, with most melt 
lying on the eastern side of the basin (Hawke and Head, 1977). These exterior melt 
deposits are interpreted to be Schrödinger melts that have been emplaced outside of the 
basin floor during the cratering process. Such deposits have been noted in numerous other 
smaller lunar impact craters (Hawke and Head, 1977; Osinski et al., 2011; Carter et al., 
2012) and their emplacement accounted for in a new model for ejecta emplacement by 
Osinski et al. (2011). These impact melt regions are similar in texture to the basin interior 
impact melt regions (Fig. 2.13), however spectral sampling indicates there is a difference 
in the compositions at both of these locations. The inner basin melts show both highland 
and mafic signatures, but the exterior impact melt deposits show a strong mafic trend 
(Figs. 2.5–2.7). 
Future mapping using recently-released high resolution datasets will allow us to better 
identify all Schrödinger-produced impact melt deposits beyond the basin interior, which 
will lead to a more accurate melt volume calculation and compositional assessment.  
71 
 
 
2.5 Summary and future work  
The findings of this study suggest that the materials making up the Schrödinger impact 
basin are not homogeneous, containing some anorthosite but more mafic material than 
anticipated. Impact melt deposits extend beyond the basin floor, along terraced walls and 
are emplaced over basin ejecta. From a spectral perspective, all the interior impact melt 
materials are alike and therefore treated as one geologic unit. Sites of local concentrations 
of overly mafic-rich compositions along fresh craters on the basin floor, on the basin rim, 
and in the east section of basin ejecta are indicative of a more complex process involving 
regional surface interactions that needs further investigation.  
We used the Clementine dataset as a preliminary guide and will focus on data sets with 
higher spectral and spatial resolutions (e.g., LRO, Chandrayaan-1, and Kaguya) in a 
future work to obtain more robust compositional information. With the release of further 
M
3
 multispectral data, additional areas, both within the basin floor and outside the rim 
can be spectrally sampled and more can be learned about the target compositions (e.g. 
Kramer et al., 2011). High resolution imagery can allow us to better identify melt 
deposits at all scales, map the extent of deposits beyond the basin rim, and measure melt 
and ejecta distributions. Together, this will help us derive a better understanding of the 
Schrödinger basin, and, by extension, the South Pole-Aitken basin.  
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Chapter 3  
3 Multispectral Analyses of Olcott Crater Using Current 
Lunar Datasets 
Data from the Lunar Reconnaissance Orbiter (LRO) and Chandrayaan-1 missions provide 
an opportunity to study lunar impact craters at previously unavailable resolutions and 
wavelengths (e.g., Bhandari, 2004; Goswami et al., 2006; Chin et al., 2007; Robinson et 
al., 2010). Various datasets, including topography (Lunar Orbiter Laser Altimetry, 
LOLA), multispectral imagery (Clementine ultraviolet and visible-UVVIS-Camera; LRO 
Camera-LROC; Chandrayaan-1 Moon Mineralogy Mapper-M
3
), and synthetic aperture 
radar (Mini-RF) can be used to characterize the composition and spatial extent of impact 
crater materials including impact ejecta and shocked materials. There is excellent 
evidence of impact melt features around fresh lunar craters (e.g., Bray et al., 2010; 
Dhingra et al., 2011; Carter et al., 2011; Osinski et al., 2011). High quality image data 
from instruments including the LRO Camera and Kaguya Terrain Camera, for example, 
show that distinct impact melt deposits including pond features, and draped melt veneers 
are easily recognizable (Fig. 3.1). Mini-RF data is also used to help identify sharp 
contrasts between smooth and rough melt deposits along crater rims (Fig. 3.1C; Carter et 
al., 2011).  
While impact materials are easily identifiable within fresh and newly formed craters, it is 
often hard to determine the spatial extent of impact melt and ejecta deposits for craters 
that have been on the lunar surface longer. Such craters are exposed to space weathering 
for longer periods of time, resulting in regolith buildup, incorporation of impactite 
materials within the local terrain, and the redistribution of surfaces from later impact 
events. The fusion of various types of satellite datasets – including surface topography, 
reflectance spectroscopy, and radar – provides opportunities to decipher the geologic and 
emplacement histories of older craters. We provide the first such study of Olcott crater 
centred at 22
o
N, 117
o
E (Fig. 3.2), an 81 km diameter complex crater located on the lunar 
farside highlands (Wilhelms and El Baz, 1977). Olcott crater is Eratosthenian in age  
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Figure 3.1: Morphological variations of lunar impact melt deposits. A) LRO WAC 
global mosaic context view of Tycho crater (85 km). Red and yellow boxes indicate 
locations of 3.1B and 3.1C respectively. B) Kaguya Terrain Camera image of impact 
melts along the crater floor within Tycho crater. Image credit: JAXA/SELENE. C) 
Mini-RF Image of Tycho crater shows the variations in texture roughness of impact 
melts.  Image credit: Neish et al. (2011). D) LRO NAC image of the crater floor 
impact melt deposits within Moore F crater. [Image credit: NASA/GSFC/Arizona 
State University] 
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(Wilhelms and El Baz, 1977), with a distinct rim and a cluster of central mountains on the 
crater floor. However, the extent of impactite materials, including crater ejecta and 
impact melt deposits, is not discernible in visible view.  At a regional scale, Olcott crater 
is located west of the much larger, older, and heavily degraded Lomonosov-Fleming (LF) 
basin (Fig. 3.2B). LF basin, centred on 19
o
N/105
o
E, has a main ring diameter of ~620 km 
and an average depth of ~2.4 km (Giguere et al., 2003). Estimated to be Pre-Nectarian in 
age, LF basin has been identified as a site of cryptomare and mare basalt deposits with 
variable TiO2 content (Giguere et al., 2003).  
The release of high-resolution multispectral data from the Lunar Reconnaissance Orbiter 
(LRO) and Chandrayaan-1 missions provides new opportunities to observe and assess 
both the spectral characteristics and morphology of Olcott crater in great detail. We 
present here results from the analyses and synthesis of Clementine, Chandrayaan-1 M
3
, 
and LRO-Camera, and LRO-altimeter data. We use the results of this study to map and 
assess the distribution of impact materials, and determine how they may reflect the depths 
excavated by a crater of this size. Melt deposits (beyond the crater floor) are proposed to 
be a secondary phase of ejecta emplacement that occurs predominantly during the crater 
modification stage (Hawke and Head, 1977; Osinski et al., 2011). Therefore, locating and 
characterizing impact melt deposits relative to impact ejecta at Olcott crater can provide 
details on the emplacement mechanisms involved in impact cratering. 
This paper seeks to 1) map the extent of impact material units, 2) characterize the 
compositions of mapped units in Olcott crater using the Chandrayaan-1 M
3
 multispectral 
bandsets, and 3) use new image and altimetry data from the Lunar Reconnaissance 
Orbiter to identify the extent of all Olcott impact materials, including crater ejecta and 
external melt deposits that are not resolvable at Clementine scale resolutions. 
3.1  Methods 
We conducted the study within an area that extended two crater radii from the crater rim. 
Crater characterizations including crater diameter and depth calculations were conducted  
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Figure 3.2: Context view of Olcott crater at various observable scales. Major mare 
areas are labeled for context. Image sources: NASA/GSFC/Arizona State 
University. A) Global context view of study region using the LRO WAC 
monochrome mosaic, centred at 120
o
. Red box shows area coverage for 3.2B.  B) 
Regional context view, using LRO WAC global mosaic, of the Lomonosov-Fleming 
Basin area. The main rim location of the degraded basin is outlined in black 
(modified from Hawke et al., 2003). LRO WAC global mosaic of Olcott crater, 
displaying the crater morphology. [Image credit: NASA/GSFC/Arizona State 
University] 
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using Gridded Data Record (GDR) altimeter data from the Lunar Orbiter Laser Altimeter 
(LOLA) instrument with 1024 pixels per degree resolution (Smith et al., 2010). The data 
was downloaded from the Lunar Orbital Data Explorer portal (ode.rsl.wustl.edu/moon). 
The altimetry data were processed, calibrated, and map projected in simple cylindrical 
projection using mission specific scripts within the ISIS 3software.  
The extent of various impact material units was mapped using coverage from the Lunar 
Reconnaissance Orbiter cameras; including the panchromatic Narrow Angle Camera 
(NAC) at 0.5 m/pixel resolution and monochrome 643 nm Wide Angle Camera (WAC) 
global mosaics at 100 m/pixel resolutions (Robinson et al., 2010; Speyerer et al., 2011). 
The goal of mapping was to determine the capability of identifying impact melt deposits 
at a first-order level, using the available high-resolution mapping. Producing a detailed 
geological map of Olcott crater was beyond the scope of the study. Impact melt deposits 
beyond the crater floor were identified using the following criteria: 1) deposits that are 
generally smooth, and have low albedo, 2) deposits that drape over wall terraces, crater 
ejecta, or on the crater rim, or 3) pooled deposits that are found within low lying areas 
along crater walls, on the outer rim, and in the surrounding areas  outside the crater 
(Osinski et al., 2011). Locations of different melt deposits (including ponds, veneers, and 
flows) were identified using both the LRO WAC and NAC camera data. The integration 
of multiple spectral and spatial images for analyses was conducted using the JMars for 
Earth’s Moon software (Christensen et al., 2009). 
3.1.1 Multispectral Data Analyses 
The multispectral aspect of the study was conducted using reflectance spectroscopy – 
using data from both the Clementine UV-VIS and Chandrayaan-1 Moon Mineralogy 
Mapper (M
3
) datasets (Fig. 3.3). Clementine UV-VIS data (415, 750, 900, 950, 1000 nm) 
was utilized to determine the compositional information of the crater at a regional scale, 
including the maturity and iron content information of the surface (Pieters et al., 1994; 
Lucey et al., 2000). Hue, saturation, value composite maps were also generated to better 
visualize the distribution of compositional detail relative to topography (Fig. 3.3 A, B). In 
this particular application, hue and saturation parameters were obtained using the  
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Figure 3.3: Composite maps of the study area created using various multispectral 
datasets overlaid on LROC WAC mosaics. The legends in Figs. 3.3A–C refer to the 
composite map parameters. A) Clementine false colour ratio over LROC WAC 
mosaic. Black boxes outline locations of high mafic content found in addition to the 
strong features in the southern section. B) Clementine iron content derived from 
Clementine data over LROC WAC mosaic. C) M
3
 derived RGB spectral parameter 
map of the study area. The colour illustrates the occurrence of integrated band 
depths at 1, 2, and 1.3 µm respectively in various strengths. D) M
3
 (1508nm) mosaic 
of Olcott crater highlighting locations where spectral profiles (green dots) were 
sampled. Red box refers to the context location of Fig. 3.8. [Image credit: 
ISRO/NASA/GSFC/Arizona State University] 
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Clementine composite maps; and the value parameter were obtained from LRO-WAC 
data. This allowed for an intuitive assessment of the spatial and spectral observations. 
Similarly, composite maps were generated combining the Chandrayaan-1 M
3
 datasets and 
morphological characteristics for analyses.  
The most common lithologies on the Moon are generally volcanic basalts and highland 
anorthositic rock types, and these rocks expected to be present within Olcott crater. 
Spectra of mafic minerals, such as pyroxene, have distinctive absorption features near 1 
and 2 µm (Pieters, 1978). Mare basalts contain typically high-Ca pyroxenes, with 
absorption bands centred near 0.97 – 1 µm (Smrekar and Pieters, 1985). Highland rocks 
also contain pyroxenes, but typically these are low-Ca pyroxenes, with absorption bands 
centred near 0.9 – 0.93 µm (Smrekar and Pieters, 1985). Iron bearing plagioclase 
feldspar, a main component within the lunar highlands has absorption bands centred near 
1.3 µm, however any content of pyroxene can mask the presence of feldspar bearing 
absorption bands (Crown and Pieters, 1985; Pieters, 1986).  Analyses of the lunar surface 
using the high spectral resolution M
3 
instrument on Chandrayaan-1 has led to the 
discovery of three new rock types, including an Mg-spinel bearing rock that has a strong 
absorption feature near 2 µm but has no detectable absorption near 1 µm (Pieters et al., 
2011). These new rock types, located within the Moscoviense region of the lunar farside 
(Fig. 3.2A), are not visible in image data and are have only been observed through 
spectral analyses (Pieters et al., 2011).  
Spectral profiles of mapped morphological units within Olcott were collected from two 
image strips of the 85-band Chandrayaan-1 M
3
 data (Fig. 3.3D). M
3
 data covers the UV-
VIS-NIR (446–3000 nm) spectrum, a spectral range greater than the Clementine UV-VIS 
dataset and with improved spectral resolution (20 – 40 nm). This allows a more accurate 
evaluation of compositional information, and a more distinct spectral characteristic for 
both basalts and anorthosites. Due to the lack of readily available calibrated, processed 
and georeferenced data, the M
3
 composite maps were manually processed and calibrated 
(more information on the data products can be found in Appendix C). Level1b M
3
files 
(pixel-located, resampled, and calibrated data presented in radiance units) were 
downloaded from the Lunar Orbital Data Explorer portal (ode.rsl.wustl.edu/moon), and 
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the radiance values converted to reflectance using techniques outlined by Green et al. 
(2010).  
M
3
 data was used to generate an RGB spectral parameter composite map (Fig. 3.3C) 
comparing the integrated band depth (IBD) values at 1µm, 1.3 µm, and 2µm  to assess 
the presence of minerals typical of lunar rocks. The IBD values were calculated using 
algorithms defined by Mustard et al. (2011) and Donaldson Hanna et al. (2012). The 
colours in the map (Fig. 3.3C) indicate the various strengths of the spectral parameters. 
Typically, red colour indicates that the 1 µm pyroxene absorption feature is strong; green 
colour indicates that the 2 µm Mg-spinel absorption feature is strong; and the blue colour 
indicates that the 1.3 µm plagioclase feldspar feature is strong. Any other colour present 
indicates the combination of these three basic parameters with variable strengths. For 
example, yellow colour would indicate a mixture of red and green parameters; i.e. the 
presence of both the 1 and 2 µm absorption features – characteristic of the spectral 
signature of pyroxene. White colour indicates the presence of all parameters with equal 
strength. The IBD strength spectral parameter map (Fig. 3.3C) was used to assess the 
distribution of these spectral parameters at a first order crater-wide scale and also 
determine sampling spots for capturing individual spectral profiles representative of the 
various colours identified in the spectral parameter map (Fig. 3.3D). Sampling was 
conducted on freshly exposed surfaces using 3x3 and 5x5 pixel window sizes of 
individual M
3
 data products.   
3.2 Results 
From a morphological perspective, Olcott crater materials can be classified into four 
major morphologically distinguishable units – 1) hummocky crater ejecta, 2) terraced 
walls, 3) central uplift, and 4) low albedo crater floor deposits. A simplified geological 
map (Fig. 3.4) of the identified units provides a visual assessment of the extent of impact 
materials related to Olcott crater.  
The location of Olcott within the lunar highlands on the farside may suggest, at first, that 
much of the terrain is predominantly feldspathic. However, composite data maps indicate 
more diversity. The Clementine colour ratio composite image indicates that much of the  
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Figure 3.4: Geological sketch map of Olcott crater. [Image credit for basemap: 
NASA/GSFC/Arizona State University] 
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region in the image is mature material (Fig. 3.3A). Mature surfaces indicate that soils (top 
millimeter depth) have been exposed to space weathering on the surface for long periods 
bombardment (Morris et al., 1978). The yellow green colour along the southern wall of 
time, and likely have a high content of agglutinates caused by micro-meteorite terraces 
indicates the presence of mature mafic-rich content. The iron map (Fig. 3.3B) shows a 
high abundance of iron content along the southern half of the crater, identical in extent to 
the false colour composite map (Fig. 3.3A). In contrast, crater materials along the 
northern half are low in iron content. The M
3
 derived IBD spectral parameter map (Fig. 
3.3C) indicates a diverse distribution of materials. This includes very strong pyroxene 
abundance along the south crater walls (yellow colour), identical in extent to the 
observations made using the Clementine data. In general, the colours present in the 
parameter map (Fig. 3.3C) indicate the occurrence of absorption at all three parameters (1 
µm, 1.3 µm, and 2 µm). There is a sharp contrast in the distribution of pyroxene within 
the crater, the north section of the crater is void of much pyroxene distribution (Fig. 
3.3C).   
Spectral profiles of the morphological units within Olcott suggest that the materials are 
rich in both types of pyroxenes and plagioclase feldspar (Fig. 3.5). The presence of 
ilmenite and water/hydroxyl is inferred by the observation of strong absorption features 
near 0.6 µm and 3 µm respectively (Tompkins and Pieters, 2010; Pieters et al, 2009). In 
the following sections, we examine the different morphological units in detail. 
Crater Rim and Ejecta: 
Olcott crater has a well-defined outer rim, easily recognizable from the global mosaic 
(Fig. 3.2B). The basin depth, measured from the highest rim height to the lowest part of 
the floor using the altimetry data (LRO-LOLA) indicates a crater depth of 4 km (Fig. 
3.6). Beyond the rim, crater ejecta extend 1 to 1.5 crater radii into the surrounding terrain. 
The crater ejecta is comprised of rough hummocky materials with boulders. Crater ejecta 
materials along the eastern and southern sections around the rim superimpose nearby 
older craters (Fig. 3.4).  
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Figure 3.5: Chandrayaan-1 Moon Mineralogy Mapper (M
3
) derived spectral 
profiles of morphological units identified for Olcott crater. A) Spectral profiles of 
the crater ejecta indicate the presence of plagioclase feldspar, and low-Ca pyroxene 
within the northern ejecta deposits; and high-Ca pyroxene within the southern 
ejecta deposits. B) Spectral profiles of the rim and terraces of Olcott indicate the 
presence of plagioclase feldspar, low-Ca, and a strong signature of high-Ca 
pyroxene along the southern area of the crater.   
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Figure 3.5 (cont’d): Chandrayaan-1 Moon Mineralogy Mapper (M3) derived 
spectral profiles of morphological units identified for Olcott crater. C) Spectral 
profiles of the melt deposits within and beyond the crater floor indicate the presence 
of high-Ca pyroxene. Weak absorption features indicating plagioclase feldspar are 
detected within the crater floor deposits. D) Spectral profiles of the central uplifts 
within the crater indicate the presence of high-Ca pyroxene and plagioclase 
feldspar. This indicates a varied morphology within the central uplifts.  
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Compositional information indicates that the ejecta and rim are comprised of both mafic 
rich and mafic poor minerals (Fig. 3.5A, B). Along the northern half of the crater, the 
ejecta typically contain mature material (Fig. 3.3A). Spectral profiles along the north 
section of the crater (Fig. 3.5A, B) indicate the presence of low-Ca pyroxene (absorption 
bands centred near 0.90 µm and Fe bearing plagioclase feldspar (weak absorption bands 
near 1.3 µm). The south section of Olcott crater is also a matured surface, but is rich in 
iron-rich mafic materials (Fig. 3.3A, B). Many sampled sites of crater ejecta along the 
southern wall and floor indicate the presence of high-Ca pyroxene with absorption 
features between 0.97 and 1 µm (Fig. 3.5A, B). Spectral profiles taken around the crater 
rim indicates the presence of both low-Ca pyroxene and high-Ca pyroxene (Fig. 3.5B). 
Crater Walls and Terraces:  
The crater walls along Olcott are well defined. Elevation information is derived using 
LRO-LOLA data indicate that along the NW-SE profile (Fig. 3.6A), the wall slope is 
greatest along the northwest wall. The slope along the south-facing wall is more gradual 
near the rim – i.e. terrace floors are easily distinguishable in cross section (Fig. 3.6A). 
Along the W-E profile (Fig. 3.6B), the eastern crater wall is lower by ~200 m than the 
west wall. LRO Camera images indicate materials along the terraces have variable 
textures including blocky boulders and smooth deposits. 
The Clementine-derived false colour ratio composite and iron distribution maps indicate 
the southern crater walls to be dominated with stronger mafic signatures than the rest of 
the crater area (Fig. 3.3A, B). Similar observations are made with both the spectral 
parameter map (Fig. 3.3C) and spectral profiling of the area using M
3
 data (Fig. 3.5B). 
Absorption bands are centred near 0.9 µm and 1 µm indicating the presence of both low-
Ca and high-Ca pyroxenes (Fig. 3.5B). There is a little plagioclase feldspar (band centred 
near 1.3 µm) that is visible, however, the crater walls are dominated with pyroxene 
signatures in the south therefore it is hard to assess the complete extent of plagioclase 
feldspar (Fig. 3.5B).  
 
92 
 
 
 
Figure 3.6A: Topography detail of Olcott crater along the NW-SE direction. (Top) 
LRO LOLA shaded relief map with context view of the profiled area. The 
topographic expressions of many pre-existing craters are recognizable in this 
dataset. (Bottom) LRO-LOLA derived topographic profile. The crater walls along 
the SE part near the crater rim (black box) have greater slumping closer to the rim, 
different from the NW crater wall. This may be due to the presence of a pre-existing 
feature that was obliterated during the Olcott forming crater event. [Image credit: 
MIT/NASA] 
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Figure 3.6B: Topography detail of Olcott crater along the W-E direction. (Top) 
LRO LOLA shaded relief map with context view of the profiled area. (Bottom) The 
central uplifts on the crater floor range in height from ~200 m to 1 km (black 
arrows). [Image credit: MIT/NASA] 
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Crater Floor, Melt deposits, and Central Uplift: 
Impact melt deposits have been identified throughout the crater surface (Fig. 3.7) 
including the crater floor, and as deposits over terraces and crater ejecta (Fig. 3.7A). 
Details on the morphological characteristics, spectral signatures, and extent are described 
in this section. The crater floor fill is a dark toned, smooth region with occasional 
hummocky materials and in general is interpreted as impact melt-rich deposits (Fig. 
3.7B). From a spectral perspective, the crater floor is greatly matured, particularly within 
the northern parts (Fig. 3.3A) and has variable iron content (Fig. 3.3B). Spectral profiles 
indicate that much of the crater floor is predominantly high-Ca pyroxenes with band 
centres near 0.98 µm. Weak absorptions near 1.3 µm (plagioclase feldspar) are also 
observed. Interestingly, the M
3 
IBD spectral parameter map (Fig. 3.3C) shows a wider 
spatial distribution of pyroxene rich materials along the southern crater floor than 
regional composite maps from  Clementine data indicate (Fig. 3.3A, B). However, this 
needs further verification due to the current unavailability of georeferenced M
3
 datasets 
for a more accurate spatial analysis of the pyroxene rich distribution. 
Beyond the crater floor, several deposits of dark toned, smooth materials are identified 
along the terrace walls and beyond the crater ejecta (Fig. 3.7A). These deposits occur 
predominantly as thin veneers draped over terrace floors (Fig. 3.7D–G), but can also 
occur as pooled deposits. Spectral profiles indicate that absorption features have band 
centres near 0.97 – 1 µm with variable absorption depths suggesting the presence of high-
Ca pyroxenes (Fig. 3.5C). Absorption features near 1.3 µm are rare in occurrence. These 
exterior deposits are assumed to be of impact melt origin due to their similarity in 
spectral characteristics with crater fill deposits particularly with the common occurrence 
of high-Ca pyroxene (Fig. 3.5B, C).  
The crater uplift is comprised of a partial ring of hills protruding through the crater floor 
deposits (Fig. 3.2B, 3.4). LRO-LOLA derived altimetry data indicate that the hills have 
heights that vary between 200 and 1000 m above the crater floor (Fig. 3.6). The surfaces 
of many of the hills consist of blocky rocks and boulders, high in albedo (Fig. 3.7B, C). 
The surfaces of the central hills are also rugged and display a rough “elephant-skin”  
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Figure 3.7: A) Context view of Olcott crater highlighting areas where occurrences of 
impact melts are mapped (red polygons). Marked boxes are context views for close-
ups of melt deposits in Fig. 3.7B–G. The image widths for 3.7B–G are 2.5 km. B) 
Impact melt deposits atop central uplifts are long and narrow, and appear 
superposed and embayed. LRO Camera NAC image M108460950LC.  C) Impact 
melt deposits on the crater floor are smooth and have low albedo when compared to 
the central uplift materials which appear rugged. LRO Camera NAC image 
M103739096RC. D)–G) Impact melts along the crater walls and terrace zones 
appear as thin veneers.  LRO Camera NAC images M103739096RC; 
M159189508LC; M115543039RC; M161544383RC. [Image credit: 
NASA/GSFC/Arizona State University]
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texture.  Smooth dark toned deposits are draped over peaks, indicating they are 
superposed, and are most likely impact melt deposits (Fig. 3.7B). The Clementine derived 
composite maps indicate that the uplifted hills display varying levels of maturity and iron 
content (Fig. 3.3A, B). M
3
 derived spectral parameter map suggest the presence of both 
mafic rich and mafic poor materials (Fig. 3.3C). Spectral profiles indicate the presence of 
high-Ca pyroxene and a weak signal of plagioclase feldspar (Fig. 3.5D). 
3.3 Discussion 
The use of multispectral datasets greatly assists us in piecing together the geological 
history of Olcott crater by combining image detail and spectral information with high 
spatial and spectral resolutions respectively. Using high resolution LROC camera data, 
we are able to assess the extent of various impactite materials and characterize their 
morphology. The improved spectral detail from 85 bands in the UV-VIS range of M
3 
helps to assess the spectral properties of the terrain. This detail also allows the 
comparison of Olcott’s characteristics to other complex craters of similar diameters. In 
particular, with a crater diameter of 81 km, Olcott is almost identical to Tycho (~85 km in 
diameter), a well-studied complex crater. Tycho crater has a sharp crater rim, terrace 
walls, and a distinct central uplift; and is located on the lunar nearside, on feldspathic 
terrain (Fig. 3.1). Many occurrences of well-preserved impact melt deposits have been 
identified beyond the crater floor of Tycho (Howard and Wilshire, 1973). Studies have 
indicated that the mineralogy within Tycho is a combination of high-Ca pyroxene and 
plagioclase feldspar (Hawke et al., 1986; Pieters, 1986; Dhingra and Pieters, 2012). 
Where applicable, the results from Olcott crater have been compared to those of Tycho 
crater and are discussed further below.   
3.3.1 Effects of pre-existing topography on crater formation 
Pre-existing faults on a planetary surface play a key role in affecting the final shape of an 
impact crater, and this has been well documented in the literature for terrestrial craters 
(e.g., Shoemaker and Kieffer, 1974; Spray et al., 2004; Osinski and Spray, 2005). We 
observe similar trends with regard to Olcott crater. Subdued impact crater features, 
presumed to be pre-existing due to the high level of crater modification, are identified 
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within 1 crater radii beyond the rim of Olcott (Fig. 3.4). These craters range in diameter 
from ~12 km to 45 km. The effects of pre-existing topography on Olcott can be seen 
from the cross-sectional topographic profiles (Fig. 3.6A). Altimetry data indicate the wall 
slope of Olcott crater along the southeast section is not as steep as on the opposite facing 
wall. There is greater wall slumping near the crater rim of the southeast section, with 
several topographic lows along the crater wall which correlate with areas where exterior 
melt deposits have been mapped (Fig. 3.7A). There is evidence of crater features being 
present in the local region prior to the Olcott forming event (Fig. 3.4). It is quite likely 
that the south half of the transient cavity of Olcott was near one of these pre-existing 
features which resulted in a greater level of wall collapse during the modification stages 
of the crater formation (Chapter 1, section 1.1).  
3.3.2 Nature of the central uplift at Olcott crater 
For lunar complex impact craters the size of Olcott (81 km), the morphology typically 
includes a rim, terraced walls, and an uplifted coherent central peak on the crater floor 
(Chapter 1, section 1.5.2). The morphologies of central peaks can be simple with a single 
peak, or complex with a cluster of peaks (Hale and Head, 1979).  
The central uplift at Olcott crater is a cluster of peaks with variable heights (Fig. 3.2, 
3.6B), and can be classified as a complex central uplift, with a ring-like central peak 
(Baker et al., 2011). This could indicate a transitional state of the crater, with an initial 
central peak collapsing to form a ring feature due to gravitational effects. Hydrocode 
simulations suggest that the formation of peak rings involves two mechanisms – the 
collapse of the crater rim inwards and the collapse of the central uplift outwards (Collins 
et al., 2002). However, the crater diameter size of Olcott at 81 km is far less than the 
crater diameter where the transition from a central peak to a peak ring occurs (diameters 
> 200 km; Baker et al., 2011) therefore this is unlikely to be the case. An alternative 
explanation is that the target surface where the Olcott event occurred is not homogeneous 
highland terrain, but instead a heterogeneous target. Modeling results and studies of 
terrestrial craters indicate that much of the crater collapse during the final modification 
stages depends on the strength of the target materials (Melosh, 1989). Parameters 
including the extent of ejecta deposits, depth of the crater floor, and heights of uplifted  
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Figure 3.8: 3-D views of the central peak hills within Olcott crater. The black 
dashed rectangle refers to the location of the central peak hill discussed in the text, 
and featured in Fig. 3.8C. The lettered legend refers to the location of spectral 
profiles in Fig. 3.8D. A) This is a LRO-WAC context view of central uplift area 
discussed in 3.8C, D (10x vertical exaggeration).  Image width is ~55 km. White 
arrow refers to location of spectral sampling in Fig. 3.8C. B) M
3
 derived IBD 
parameter map of the area in Fig. 3.8A (10x vertical exaggeration). Image width is 
~55 km. [Image credit: ISRO/NASA/GSFC/Arizona State University] 
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Figure 3.8 (cont’d): Image and spectral characterizations of a central peak hill at 
Olcott crater. C) LRO NAC (product # M108460950RC) of the central peak hill 
discussed in text and highlighted in Fig. 3.8A, B. The surface texture is similar to 
that characterized in Figure 3.7B. Image width is 2.5 km across. The letters refer to 
sample spectral profiles in Fig. 3.8D. D) Sample spectral profiles of spots identified 
in Fig. 3.8C. There are variable absorption strengths near 1 µm, 1.3 µm and 2 µm 
suggesting the presence of high-Ca pyroxene, Mg-spinel and plagioclase feldspar at 
this central peak hill. [Image credit: NASA/GSFC/Arizona State University] 
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sections are dependent on the pre-impact target layering (Collins et al., 2008). Crater 
morphologies with ring-like central peaks have been observed for craters between 50 and 
205 km, however in these cases, there are also coherent peaks on the crater floor thereby 
classifying the features as protobasins (Baker et al., 2011). However, it is unknown at this 
point, if the target is heterogeneous at those crater sites. By fusing the spectral detail from 
M
3
 IBD parameter map over topographic LOLA data, we observe that many areas within 
the Olcott central uplift have multiple colour variations indicating the possibility of 
multiple spectral trends (Fig. 3.3D, 3.8). From the sample spectral profiles using M
3
 data 
(Fig. 3.5D, 3.8D), we note the presence of both pyroxene-rich and pyroxene poor 
materials in the central uplifts. Image data of the uplifts at Olcott crater display a mixture 
of rough, blocky materials (boulders) and thin impact melt deposits draped along the 
surface (Fig. 3.8C). This variability in surface texture may explain the variation in 
spectral properties. This observation is further investigated, using one of the peaks as an 
example, to assess both the spatial and spectral information and determine the connection 
if any. The spectral parameter composite map (Fig. 3.3D, 3.8B) indicates that the 
mineralogical content on one of the uplifted peaks, a 1 km feature (black dashed box in 
Fig. 3.8), has variable intensities of the individual parameters, indicating a potential 
variation in spectral characteristics and types of absorption features found.  Spectral 
profiles sampled along the peak surface (Fig. 3.8D) indicate in general the weak 
occurrence of a 1 µm absorption, and strong 2 µm abundance. At sample sites “A” and 
“B”, there is a lack of an absorption feature at 1 µm and a broad absorption feature 
observed at 2 µm, suggesting the presence of Mg-spinel (Pieters et al., 2011). At sample 
spot “B”, absorption features of both plagioclase feldspar and Mg-spinel can be observed 
(Fig. 3.8D). The presence of an absorption feature at 1.3 µm is typical of Fe-bearing 
plagioclase feldspar. This occurrence of Mg-spinel on the central hill is similar to 
observations made on the central uplift region of Theophilus crater, 100 km complex 
crater on the lunar nearside (Dhingra et al., 2011). It is interesting to note that while this 
central uplift feature discussed here shows signs of the occurrence of Mg-spinel, other 
areas, spectrally sampled, within the central uplifts do not show a similar spectral 
signature (Fig. 3.5D). A more detailed investigation and thorough spectral sampling of 
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the central uplifts is required for a better assessment on the distribution of Mg-spinel rich 
areas within Olcott crater.  
The identification of Mg-spinel within the central uplifts at Olcott crater is a significant 
observation. Mg-spinel has only been observed at two other locations on the Moon – 
Theophilus crater on the lunar nearside, and Moscovience basin on the lunar farside 
(Pieters et al., 2011; Dhingra et al., 2011). These studies propose that Mg-spinel is 
present within the lunar crust and is excavated from great depth. Olcott crater is ~735 km 
south west of the western edge of Mare Moscoviense – a known volcanic mare patch on 
the lunar farside. This new observation of Mg-spinel at these distances provides new 
estimates on the lateral and vertical extent of the Mg-spinel rock type within the lunar 
crust. An addition of a new “data point” of Olcott crater to the global dataset of Mg-
spinel bearing complex craters will help better constrain the origin for this rock type.  
3.3.3 Recognition of impact melt deposits 
The presence of impact melt deposits beyond the crater floor is inferred from the smooth 
texture and low albedo compared to the surrounding regolith. Many instances of smooth 
deposits (resembling veneers and small pools) are observed within the ejecta deposits 
beyond the crater rim and along terrace walls, and are interpreted to be impact melt 
deposits (Fig. 3.7A, C–F). The spectral trends of both the exterior melt deposits and basin 
floor melt deposits are similar (high-Ca pyroxene; Fig. 3.5C) and, therefore, assumed to 
consist of the same material. Several instances of impact melt deposits on terrace zones 
and extending beyond the crater rim, have been recorded around many fresh lunar craters 
including Tycho, Giordano Bruno, King, etc. (Hirata et al., 2009; Plescia et al., 2010; 
Ashley et al., 2011).  Morphologies of melt deposits at these craters range from melt flow 
lobes, to veneers, and melt ponds (Bray et al., 2010).   
Observations of impact melt deposits beyond the crater floor of Olcott crater (Fig. 3.7A) 
can help us understand more about the stages of crater formation, particularly the 
emplacement of ejecta deposits (Chapter 1, section 1.3.1). Continuous ejecta deposits are 
emplaced through ballistic sedimentation during the crater excavation stage, and extend 
1–2 crater radii beyond the crater rim with ejecta around large craters incorporating local 
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material (Oberbeck, 1975). Hummocky and block ejecta form much of the continuous 
ejecta deposits around Olcott crater, and extend 1 – 1.5 crater radii into the surroundings 
(Fig. 3.4). The evidence of a later stage of ejecta emplacement (Chapter 1, section 1.3.1) 
is found in the form of melt pools lining terrace walls to thin deposits draped over the 
continuous ejecta deposits (Fig. 3.4, 3.7). This is similar to results from studies of other 
craters on the terrestrial planets that suggest the emplacement of crater ejecta is likely a 
multi-stage process (Osinski et al., 2011). The role of pre-existing topography affecting 
the emplacement process is observed Olcott crater. There is a concentration of identified 
impact melt deposits beyond the central floor towards the eastern and southern parts of 
Olcott crater (Fig. 3.7A).  The presence of pre-existing crater features to the east and 
south (Fig. 3.4) may explain this observation. However, further image mapping is 
required using the LRO Camera data suite at Olcott crater to assess if the entire 
distribution of impact melt deposits.  
A goal of this study is to determine if by fusing multiple datasets, we can use spectral 
characteristics in identifying impact melt units around older complex craters. Optically, 
such impact melt deposits would be degraded, and appear less distinct, due to regolith 
buildup. With the use of M
3
 data, we have documented multiple instances of localized 
regions in the IBD spectral parameter map (Fig. 3.3C) that have distinct and contrasting 
characteristics, when compared to the surrounding regions (Fig. 3.9). This is particularly 
striking along the southern crater walls and terrace zones (Fig. 3.9A, B, D). Whether 
these areas represent impact melts that are in some way obscured from identification in 
image view or represent another type of crater morphology is further investigated and 
discussed here. Spectral profiles of these areas are acquired (Fig. 3.9C), and the spectral 
information is compared to visible LRO NAC image detail (Fig. 3.9D). The spectral 
characteristics indicate the material in these areas is mafic rich, with both low-Ca 
pyroxene and high-Ca pyroxene signatures evident (Fig. 3.9C). There is, however, no 
direct indication suggesting the presence of Mg-spinel unlike within the central peak hill 
discussed earlier (Section 3.3.2), or even plagioclase feldspar. On close inspection of 
LRO NAC images (Fig. 3.9D), the sites appear to be variable in morphologies – they 
appear to be impact melt deposit areas (near sites i and ii), and a combination of ejecta 
deposits of fresh craters near the rough crater wall terrain (at site iii) (Fig. 3.9D).  While 
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Figure 3.9: 3-D views of Olcott crater looking towards the southeast direction. A) 3-
D view of the M
3
 IBD spectral parameter map draped over LRO-LOLA altimetry 
data (512ppd resolution and15x vertical exaggeration). Numbered annotations refer 
to sites with colour anomalies as discussed in the text. B) 3-D image view of the same 
area as Fig. 3.9A. LRO-WAC global mosaic draped over LRO-LOLA altimetry data 
(512ppd resolution, 15x vertical exaggeration). [Image credit: NASA/GSFC/Arizona 
State University] 
104 
 
 
 
 
Figure 3.9 (cont’d): C) Sampled spectral profiles of the three sites (i-iii). The profiles 
indicate a pyroxene-rich terrain, with absorption features near 1 and 2 µm. There is 
minimal presence of plagioclase feldspar indicated (lack of absorption feature near 
1.3 µm). 
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Figure 3.9 (cont’d): Closeups of the spectral anomalies. D) M3 IBD parameter map 
overlaid on LRO NAC views of the three sites discussed in Fig. 3.9A–C. Black 
dashed lines highlight the colour anomalies identified. The ratio of spectral 
parameters varies significantly compared to the immediate surrounding areas, 
resulting in the different colours in the IBD map of these three sites. The 
morphologies vary between all three locations, with smooth low albedo impact melt 
deposits (site i), crater wall material with variable textures (site ii), and a freshly 
excavated crater with exposed ejecta deposits (site iii). LRO NAC images: 
M159189508LC and M115543039RC for site i, M161544383RC for site ii, and 
M115536257LC for site iii. [Image credit: ISRO/NASA/GSFC/Arizona State 
University] 
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the focused areas are in shadow-free zones, we also avoid making the general assumption 
that all anomalous areas in the IBD spectral parameter map have similar morphologies to 
those observed in figure 3.9D. As explained in the methods section (3.3.1), M
3
 data had 
to be manually calibrated and georeferenced with respect to the camera data. At a crater-
wide scale, the offset in georeferencing is minimal (Fig. 3.3C). However, for the zoomed 
in areas (at the scale of Fig. 3.9D), there is room for error in georeferencing. Further work 
is needed to account for all the possibilities of the spectral anomalies, including the 
presence of shadow areas, instrument resolution, etc.   
3.3.4 Olcott as a window into the subsurface 
Recognizing the proximity of Olcott crater to the Lomonosov-Fleming region may aid in 
the understanding of spectral variations observed from both the Clementine derived 
composite maps (Figs. 3.3A, B) and M
3
 derived spectral information (Figs. 3.3C, 3.5). 
Although the crater lies in the lunar highlands, the compositional trends indicate there is a 
very strong mafic signature. This is particularly true along the southern half of Olcott 
crater. The concentration of mafic materials over the southern crater ejecta, crater wall, 
and crater floor suggests that the excavated material is emplaced as a result of mechanical 
mixing of the target layer. The high mafic signature in spectral profiles (Fig. 3.5) from 
the southern half of the crater provides evidence that the Olcott impact event may have 
struck a heterogeneous target, possibly a cryptomare deposit from the nearby 
Lomonosov-Fleming basin (Fig. 3.10). This is similar to the excavation hypothesis of 
observed materials proposed at Aristarchus crater (Mustard et al., 2010).  The diversity in 
spectral compositions observed along the central peak hills of Olcott crater (Figs. 3.5D, 
3.8D) supports the hypothesis that the Olcott crater event may have occurred within a 
heterogeneous target. Therefore, possibility of Olcott striking a heterogeneous target 
results in: 1) re-evaluating the total diameter of the Lomonosov-Fleming basin and 2) 
including Olcott crater within the basin rim. It is quite likely that the size of the 
Lomonosov-Fleming basin is much larger, at approximately 700 km, and the edge of the 
basin extends further eastward than earlier indicated by Giguere et al. (2003). However, 
the buried mafic-rich material can be of a buried magmatic origin. The distinction  
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Figure 3.10: Illustration of the proposed pre-impact stratigraphy in the Olcott 
crater region. The impact event occurred within a heterogeneous target, potentially 
tapping into buried mafic rich materials, likely from the Lomonosov-Fleming basin.  
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between determining if the mafic content is of cryptomare or magmatic origin is 
impossible at present using available spectral and spatial datasets. The proximity of 
Olcott crater to the Lomonosov-Fleming basin makes the cryptomare origin hypothesis 
more likely.  
3.4 Summary 
The findings of this study suggest that the section of lunar farside at Olcott crater is, like 
in the case of Schrödinger basin (Chapter 2), a heterogeneous target. There is a distinct 
split in the types of lunar materials found at Olcott crater. The north is largely comprised 
of low-Ca pyroxene, and plagioclase feldspar (norite) rich materials. The south is, 
however, dominated by low and high-Ca pyroxenes with little occurrence of plagioclase 
feldspar. The source of the mafic rich materials on the southern section of the crater is 
likely from buried mafic deposits excavated from the larger, and older Lomonosov-
Fleming basin (a known region that contains cryptomare deposits; Giguere et al., 2003). 
Spectral observations also reveal that the heterogeneity of the target is best captured 
within the central uplifts, peak hills in this case  The spectral variety of mafic rich 
materials present ( from the range in pyroxene types to the occurrence of Mg-spinel) 
provides some perspective on the depths to which mafic materials may be present within 
the subsurface.  This study also highlights the benefits of fusing various types of data 
together in order to determine the geological history of older complex craters. With 
multispectral and topographic datasets, we are able to characterize the spatial and spectral 
properties of Olcott crater impactites – particularly identify the spatial extent of impact 
melt deposits. Impact melt deposits occur as veneers draped over wall terraces and peak 
hills, and as melt ponds filling low lying areas along the crater rim. The fusion of spatial 
and topographic datasets further reveals that the distribution of impact melt deposits 
beyond the crater floor is largely driven by the pre-existing topography. Multispectral 
datasets reveal that the spectral properties of the impact melt deposits are the same both 
within and beyond the crater floor. The results from this multispectral study of Olcott 
crater provide a new perspective on the crater formation processes within a 
heterogeneous target, and about the regional geology particularly of the Lomonosov-
Fleming basin.  
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Chapter 4  
4 Identification and Distribution of Impact Melt Deposits 
surrounding Complex Impact Craters on the Lunar Farside: A 
comparison between different crater sizes 
The early stages of impact cratering involve the shock melting of target stemming from 
the passage of shock waves through a target surface following a catastrophic, 
hypervelocity impact onto a rocky planet (Chapter 1, section 1.1). The target rocks are 
subject to extreme pressures and temperatures in short spans of time (Fig. 1.1) that result 
in the vapourization and melting of target rocks. Throughout most of the crater forming 
process, melted rocks remain within a growing and temporal transient cavity (Fig. 4.1). 
Materials within the displaced zone (Melosh, 1989; French, 1998) of the transient cavity 
(Fig. 4.1A, B) are subjected to a range of shock pressures (Chapter 1, section 1.3), and 
typically a mixture of melt and fractured rocks line the floor of the transient cavity (Fig. 
4.1B–D). Melted rocks within a transient cavity that eventually form a simple crater tends 
to remain within the crater floor and overlie the fractured crater floor (Fig. 1.3D).  
The formation of a central structural uplift within a transient cavity results in the 
movement of impact generated melt within the displaced zone - moving downward and 
outward towards the walls and rim of the transient cavity (Fig. 4.1C). The final 
modification phase of crater formation (Chapter 1, section 1.1.3) determines where much 
of the impact melts are concentrated (Melosh, 1989; Osinski et al., 2011). At this late 
stage, modelling and terrestrial observations suggest the collapse of crater walls and 
central uplifts within the transient cavity result in the movement of some melt materials 
(Fig. 4.1D) beyond the crater rim (Collins et al., 2002; Osinski and Spray, 2005). In a 
process of multi-stage ejecta emplacement, impact melt deposits within complex craters 
can be emplaced along terrace surfaces, or coating continuous ejecta deposits beyond the 
terraced rim structure (Fig. 4.1E; Osinski et al., 2011). Models suggest that as the 
magnitude of the crater event increases, the relative volume of melt generated will also 
increase (Cintala and Grieve, 1998). 
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Figure 4.1: Cross sectional sketches of the impact cratering process and the 
emplacement of melt deposits within complex impact craters. A) Zones within an 
expanding transient cavity. B - D) The location of impact melt within sections of the 
transient cavity during the evolving stages of crater formation. E) The final crater 
morphology of a complex crater, with the location of impact melts within both the 
inner crater fill and beyond the crater rim as ponded deposits. Modified from 
Melosh, 1989 and Osinski et al., 2011. 
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Impact craters on the Moon preserve a range of melt morphologies. Within the interior of 
simple craters, melt deposits are typically thin melt veneers (Hawke and Head, 1977). 
Many examples of well-preserved impact melt deposits have also been recorded around 
lunar complex craters including Giordano Bruno, Necho, Jackson, and Tycho craters 
(Fig. 4.2). Melt deposit morphologies within complex craters include: 1) melt sheets that 
fill the crater floor; 2) viscous flow features; 3) thin veneers draped over wall terraces; 
and 4) melt pools or ponds that fill depression areas within wall terraces and continuous 
ejecta deposits (Howards and Wilshire, 1975; Hawke and Head, 1977; Bray et al., 2010). 
In addition to the visible characterization of lunar melt deposits, several studies have 
analyzed the characterization of impact melts surrounding various craters using 
reflectance spectroscopy and radar techniques (Smrekar and Pieters, 1985; Campbell et 
al., 2010; Tompkins and Pieters, 2010; Dhingra and Pieters, 2012). Together with lab 
analyses on Apollo samples and lunar meteorites, there is some understanding about: 1) 
the effects of shock in melt generation (Schaal et al., 1979); 2) the compositions of lunar 
impact melt deposits (Smrekar and Pieters, 1985; Tompkins and Pieters, 2010; Dhingra 
and Pieters, 2012); and 3) the distribution of rock clasts within lunar impact melts 
(Campbell et al., 2010; Carter et al., 2012; Neish et al., 2012).  
The current understanding of impact melt rocks is increasing through: 1) the continued 
research on lunar meteorites and Apollo samples; and 2) the identification of melt 
deposits around lunar craters through the use of recent higher resolution camera imagery 
from the Lunar Reconnaissance Orbiter (Denevi et al., 2012). However, a gap still exists 
in tying the spatial observations of impact melt deposits surrounding large older complex 
craters, and model estimates on the impact melt volume within the original transient 
cavity. Much of the early studies on impact melts has been based on photogeologic 
studies (e.g., Howard and Wilshire, 1975; Hawke and Head, 1977).   Visible image 
observations of melt deposits around well-preserved lunar craters and terrestrial 
observations have led to model estimates on the melt volume generated within lunar 
craters (Grieve and Cintala, 1992; Cintala and Grieve, 1998). The model has also been 
used to estimate the maximum depth of crater excavation, and depth of melting for a 
range of crater morphologies within the lunar target (Cintala and Grieve, 1998). As a 
result, the approximation on melt volumes around a lunar crater, in general, is estimated  
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Figure 4.2: Examples of pristine impact melt deposits within complex lunar impact 
craters taken by the Narrow Angle Camera (NAC) aboard the Lunar 
Reconnaissance Orbiter (LRO). All images acquired by NASA/GSFC/Arizona State 
University. A) Smooth impact melt deposit along the rim of the 22 km Giordano 
Bruno (LRO - NAC image M113282954RE; image width is ~1 km). B) Impact melt 
flow features at the 30 km Necho crater (LRO – NAC mosaic of M134374642L and 
R images; image width is 5 km). C) Thin, smooth veneer of impact melt draped over 
an ejecta block in the 85 km Tycho crater (LRO – NAC image M142334392R; image 
width is ~400 m). D) Fractures within a melt pond on the 71 km Jackson crater 
(LRO – NAC image M118560367L; image width is ~ 700 m).  [Image credit: 
NASA/GSFC/Arizona State University] 
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using the differential scaling property – i.e. as the crater event increases: 1) the size of the 
transient cavity increases, 2) the volume of melt generated increases unaffected by 
gravitational effects, and 3) a larger proportion of this melt will be preserved inside the 
crater rim, along terrace surfaces, and fill the crater floor (Cintala and Grieve, 1998). The 
release of high resolution multispectral data (with improved spatial and spectral detail) 
from the Lunar Reconnaissance Orbiter (LRO) and Chandrayaan-1 missions provides 
new opportunities to assess the morphologies and spectral characteristics of impact melt 
deposits surrounding lunar complex craters in great detail. At a simplistic, first order 
approach, the volume of melt produced within a transient cavity should be similar (at the 
least, within an order of magnitude) to the volumes of observed melt deposits around the 
craters. 
This study discusses the distribution of impact melt deposits identified around three 
complex craters with varying central uplift morphologies. These craters are all located on 
the lunar farside, a lunar hemisphere that has minimal surface modifications caused by 
lunar volcanism affecting the preservations of complex craters (Hiesinger and Head, 2006 
and references therein). Complex craters on the lunar farside range from complex craters 
with consolidated peaks, protobasins, peak ring basins, and multi-ring basins (Chapter 1, 
section 1.5). Therefore, the distribution of impact melt deposits at these locations can be 
properly be assessed. Melt volumes are estimated for each crater site using the areal 
extent of the deposits, and a range of thicknesses based on the individual melt 
morphology at each site. The results are next compared to model estimates that use the 
differential scaling methods approach in calculating melt volume (Cintala and Grieve, 
1998).  The areal extent of the melt deposits is also assessed at each site to compare the 
differential scaling model (Cintala and Grieve, 1998) with the multi-stage ejecta 
emplacement model (Osinski et al., 2011). The former proposes that much of the melt 
generated remains within the crater interior for large events, while the latter proposes that 
the collapse of central uplifts provides added momentum for melt deposits to emplace 
beyond the crater rim during the crater modification process. 
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We present results from the analysis and synthesis of Clementine (UV-VIS), 
Chandrayaan-1 Moon Mineralogy Mapper (M
3
), LRO altimetry (LOLA), LRO radar 
(Mini-RF), and both LRO- Wide Angle and Narrow Angle Camera (WAC, NAC) data on 
three complex craters on the lunar farside – Olcott, Kovalevskaya, and Schrödinger (81, 
113, and 312 km rim-rim diameters, respectively). The results are used to characterize 
impact melt deposits - particularly beyond the crater floor, map the distribution of 
identified impact melt deposits, and calculate melt volumes (as discussed above). The 
results can be used to better assess the distribution of impact melt deposits within large 
complex craters on the Moon. 
4.1 Study Sites 
Our understanding of the lunar farside has only advanced with the acquisition of global 
datasets from the photographic Lunar Orbiter (Bowker and Hughes, 1971) and 
multispectral Clementine missions (Nozette et al., 1994).  With improved spatial and 
spectral resolutions, it is possible to identify the composition and distribution of 
impactites. This includes identifying the distribution of impact melt deposits around 
complex craters and testing the hypothesis that impact melt deposits beyond the crater 
rim are emplaced as part of a proposed multi-stage ejecta emplacement process (Osinski 
et al., 2011). The lunar highlands are comprised of crustal highland rocks – rich in 
anorthosites (predominantly plagioclase feldspar, with little mafic assemblage of low-Ca 
pyroxene; Smrekar and Pieters, 1985). The farside is also void of much volcanic activity 
– only ~1 % of the farside has volcanic basalt mare units (Hiesinger and Head, 2006 and 
references therein).  
We identify impact melt deposits for three complex craters (Olcott, Kovalevskaya, and 
Schrödinger) all with increasing diameters and different morphologies (Fig. 4.3). Olcott 
crater, (22
o
N, 117
o
E), is an 81 km diameter complex crater located on the lunar farside 
highlands (Chapter 3). Eratosthenian in age (Wilhelms and El Baz, 1977), Olcott crater is 
located on the edge of the degraded Lomonosov-Fleming basin (Giguere et al., 2003). 
The crater morphology includes a sharp rim, crater walls with terraces, and a cluster of 
central peaks on the crater floor (Fig. 4.3A). Kovalevskaya crater (30
o
N, 129
o
W), 
Eratosthenian in age (Scott et al., 1977), is a 113 km complex crater located in the 
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western farside, and ~85 km north west of the Cordillera mountains of Orientale basin. 
Kovalevskaya has a well preserved crater rim, terraced walls, and a flat crater floor with a 
central uplift (Fig. 4.3B). The central uplift comprises of two peaks with variable heights. 
The final complex crater analyzed in this study is Schrödinger basin (75
°
S, 130
°
E; 312 
km in diameter), located near the southern rim of the larger South Pole-Aitken basin 
(Chapter 2). Schrödinger basin has a well preserved rim, terrace walls, and smooth basin 
floor. Schrödinger basin is proposed to be early Imbrian in age (Wilhelms, 1987). There 
is evidence of later volcanism around a local volcanic vent on the eastern section of the 
inner basin floor (Chapter 2; section 2.1). However, the distribution of pyroclastic 
deposits occupies a small area of the floor and does not modify the characteristics of 
impact melt within the rest of the basin floor (Shoemaker and Robinson, 1995; Mest et 
al., 2011). Schrödinger basin is classified as a peak ring complex crater as the central 
uplift on the basin floor is a near concentric peak ring (Fig. 4.3C).  
4.2 Methods 
In order to assess the relationship between impact melt deposits and their topographic 
expressions within craters of increasing complexity on the lunar farside, the identification 
and characterization of impact melt deposits was conducted through the fusion of 
multiple lunar datasets – combining spatial, spectral, radar and topographic details. The 
integration of spatial, spectral, radar, and topographic datasets in this study was compiled 
using the USGS Integrated Software for Imagers and Spectrometers (ISIS v.3; Gaddis et 
al., 1997), ENVI version 4.8 (Exelis Visual Information Solutions, Boulder, Colorado), 
JMars for Earth’s Moon (Christensen et al., 2009), and ArcGIS® (www.esri.com) 
software packages. 
4.2.1 Identification of impact melt deposits 
Impact melt deposits were identified primarily based on their visible characteristics - 
smooth, low albedo deposits that show obvious contrast when compared to their 
immediate surroundings, and deposits that do not have a volcanic source of origin 
(Hawke and Head, 1977). The identification of melt deposits was done using both the 
monochrome 643 nm LRO Wide Angle Camera (WAC) global mosaics at 100m/pixel 
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resolution (Robinson et al., 2010; Speyerer et al., 2011), and high resolution 
panchromatic images from the Narrow Angle Camera (NAC, 0.5 m/pixel; Robinson et 
al., 2010) instruments on the Lunar Reconnaissance Orbiter (LRO). Geologic sketch 
maps were created from observations obtained using a combination of WAC and NAC 
images outlining the spatial extent of impactite units around each crater. The map 
projection of the data was polar stereographic at Schrödinger basin, and simple 
cylindrical at Olcott and Kovalevskaya craters.  
The topographic information of each crater (Fig. 4.3) and of identified impact melt 
deposits were acquired using data from the LRO Lunar Orbiter Laser Altimeter (LOLA) 
instrument (Smith et al., 2010). Gridded Data Record (GDR) files with 1024 pixels per 
degree resolution were downloaded from the Lunar Orbital Data Explorer portal 
(ode.rsl.wustl.edu/moon). The altimetry data were processed, calibrated, and map 
projected using mission specific scripts within the ISIS v.3 software.  
Multispectral data, including radar and reflectance spectroscopy, was used to characterize 
the impact melt deposits at each of the crater sites. The utility of each of the datasets in 
identifying impact melts are briefly discussed here. The spectral characterization of 
identified impact melt deposits was made using UV-VIS-NIR reflectance spectroscopy 
data from both the Clementine and Chandrayaan-1 Moon Mineralogy Mapper (M
3
) 
instruments (Figs. 4.4, 4.5). The most common lithologies on the Moon are generally 
iron-rich mare basalts and highland anorthositic rock types. Spectra from the mare 
regions have strong absorption features representing mafic minerals, including pyroxene, 
with distinctive absorption features near 1 and 2 µm (Pieters, 1978). Mare areas contain 
typically high-Ca pyroxenes, with absorption bands centred near 0.97 – 1 µm (Smrekar 
and Pieters, 1985).  Highland anorthosites typically contain low-Ca pyroxenes, with 
absorption bands centred near 0.9 – 0.93 µm (Smrekar and Pieters, 1985). Iron bearing 
plagioclase feldspar has absorption bands centred near 1.3 µm, however any content of 
pyroxene can mask the presence of feldspar bearing absorption bands (Crown and 
Pieters, 1985; Pieters, 1986).   
The 5-band UV-VIS data (415, 750, 900, 950, 1000 nm) from the Clementine mission  
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Figure 4.3: (Top) Lunar Reconnaissance Orbiter Wide Angle Camera greyscale 
mosaics of the three crater sites selected for this study – (A) Olcott crater, (B) 
Kovalevskaya crater, and (C) Schrödinger basin. (Bottom) Topographic profiles of 
the complex craters, data acquired from the Lunar Orbiter Laser Altimeter 
instrument. Topography values are relative to a lunar radius of 1737.4 km. [Image 
credit: MIT/NASA/GSFC/Arizona State University] 
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were used to characterize spectral detail of the craters at a regional scale. The optical 
maturity information of surfaces (Pieters et al., 1994) was inferred from colour ratio 
composite maps (Fig. 4.4A–C). In the colour ratio composite map, red surfaces are 
interpreted as mature surfaces; blue indicates a fresh surface; and green indicates the 
presence of a mafic component. The presence of other colours indicates a mixture of 
these basic parameters in variable proportions and can therefore be used in assessing the 
surface maturity and mafic content. The iron weight percent distribution composite map 
(Lucey et al., 2000) was used to gauge the level of iron content present at each of the 
study sites (Fig. 4.4 D–F). Typically the lunar farside is known to have very little 
evidence of surface volcanism and, therefore, low levels of iron on the lunar surface 
(Gilles and Spudis, 1996; Hiesinger and Head, 2006).   
M
3
 data covers the UV-VIS-NIR (446–3000 nm) spectrum like the Clementine dataset 
but has improved spectral resolution (20–40 nm), allowing for a more detailed evaluation 
of compositional information, providing a more distinct spectral characterization for both 
basalts and anorthosites. Level1b M
3
files (pixel-located, resampled, and calibrated data in 
radiance units) were downloaded from the Lunar Orbital Data Explorer portal 
(ode.rsl.wustl.edu/moon), and the radiance values converted to reflectance using 
techniques outlined by Green et al. (2010). M
3
 data was used to generate an RGB spectral 
parameter composite map comparing the integrated band depth (IBD) values at 1 µm, 1.3 
µm, and 2 µm (Fig. 4.5) to assess the mineral compositions on the lunar surface. The IBD 
values were calculated using algorithms defined by Mustard et al. (2011) and Donaldson 
Hanna et al. (2012). More information about the individual data products and processing 
details can be found in Appendix C.  
The colours in the IBD spectral parameter maps (Fig. 4.5) indicate the various strengths 
of the spectral parameters. Typically, red indicates that the 1 µm absorption feature is 
strong; green indicates that the 2 µm absorption feature is strong; and the blue colour 
indicates that the 1.3 µm feature is strong. Other colours indicate the combination of 
these three basic parameters with variable strengths. For example, yellow indicates a 
mixture of red and green parameters; i.e., the presence of both the 1 and 2 µm absorption 
features – characteristic of the spectral signature of pyroxene. White indicates the  
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Figure 4.4: Composite maps of the study sites derived from Clementine UV-VIS 
data overlaid on LROC WAC mosaics. A) - C) Colour ratio composite maps 
highlight the distribution of mature (red) and fresh (blue) surfaces, and the presence 
of mafic content (green). D) - F) FeO weight % maps of each site.  Iron rich regions 
of Olcott and Kovalevskaya craters spatially match the mafic rich areas of the 
colour ratio composite maps. The range of iron content within Schrödinger is likely 
skewed due to the high phase angles likely present at the latitude range of the basin.  
[Image credit: ISRO/NASA/GSFC/Arizona State University]
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Figure 4.5: Integrated Band Depth (IBD) composite parameter maps derived from 
Chandrayaan-1 M
3
 data for each of the study sites overlie LRO Wide Angle Camera 
(WAC) global mosaics to accentuate the distribution of absorption band features 
over impact related morphological features. [Image credit: 
ISRO/NASA/GSFC/Arizona State University] 
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presence of all parameters with equal strength. The IBD strength spectral parameter map 
was used to assess the distribution of these spectral parameters at a first order crater scale 
and also determine sample spots for capturing individual spectral profiles representative  
of the various colours identified in the spectral parameter map. Sampling was conducted 
on freshly exposed surfaces using 3x3 and 5x5 pixel window sizes of individual M
3
 data 
products. The IBD map for Schrödinger basin is not reliable in its results and is not used 
in the interpretations (Fig. 4.5C). The extreme range of spectral parameters in the IBD 
parameter map is due to the lack of sufficient instrument calibration of the original 
product file that was available during the study. Therefore, the sites selected for spectral 
profiling at Schrödinger basin are selected based on observations using LRO WAC and 
NAC data. 
The radar instrument (Mini-RF) on the Lunar Reconnaissance Orbiter has identified 
around craters (greater than 50 km in diameter) a variety of impact melt deposits, 
including pools and flow features, that are not discernible in image data (Neish et al., 
2011; Carter et al., 2012). The surfaces of these melt deposits appear rough at the 
centimeter to decimeter scale, whereas the same feature appears smooth in image data. 
The range in radar roughness exhibited within these deposits are linked to the changes in 
the melt morphology – such as the clast to melt ratio, type of flow feature, or deposition 
of blocky material (Carter et al., 2011 and references therein). Mini-RF transmits 
circular-polarized radar waves and receives back polarization data in both the horizontal 
and vertical polarization (Nozette et al., 2010). The roughness of a surface can be 
determined from the circular polarization ratio (CPR) factor – a comparison between 
radar with similar polarization as the transmitted beam, and radar with opposite 
polarization as the transmitted (Nozette et al., 2010). Mini-RF captures data in the S-band 
wavelength (12.6 cm; with a resolution of 15 m/pixel), and is sensitive to changes in the 
surface and subsurface at the centimeter to decimeter scales (Carter et al., 2012). 
Stokes parameters are a set of values that describe the polarization state of 
electromagnetic radiation, i.e., the level of radar backscatter received by the instrument. 
Transmitted radar waves in the S-band range can penetrate approximately 1 m below the  
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surface (Carter et al., 2012). This means that radar can still identify buried impact melt 
deposits that have been subsequently buried under regolith or have matured due to 
exposure to solar radiation (Campbell et al., 2010). In this study, only the first Stokes 
parameter (S-1) is used in analysis, as it measures the total radar backscatter (Carter et al., 
2012 and references therein).  Both the CPR and total backscatter (S-1) band data are 
combined to generate colourized radar mosaics (Fig. 4.6). This helps in understanding the 
roughness of the surface. Colourized mosaics are also used because they help enhance 
radar characteristics that may not obvious individually in grayscale view, e.g., impact 
melts with different ranges in clast content are observable at the centimetre and decimetre 
scale in colourized mosaics (Carter et al., 2012).  
Map-Projected Calibrated Data Record (MAPCDR) files of the circular polarisation ratio 
and the total radar backscatter (S-1 band) were downloaded from the Lunar Orbital Data 
Explorer portal (ode.rsl.wustl.edu/moon). Radar data was processed, calibrated, and map 
projected using mission specific scripts within the ISIS v.3software. CPR data was 
overlaid on total radar backscatter using Adobe Photoshop to generate colourized radar 
mosaics of Olcott and Kovalevskaya craters (Fig. 4.6), similar to techniques outlined in 
Chapter 2, section 2.2.1 for Schrödinger basin. Individual greyscale radar mosaics of the 
CPR and S-1 bands for each of the craters can be found in Appendix A. 
4.2.2 Calculating melt volumes 
The calculated impact melt volume around each selected complex crater (Table 4.1) was 
calculated with a combination of techniques. At each crater site, the dimensions of the 
original transient cavity, and the proposed melt volume were first calculated using model 
estimates (Cintala and Grieve, 1998). The next step was to calculate the areal extent and 
melt volumes of identified melt deposits around each crater site. The methods of 
calculating these values are discussed further below.  
Dimensions of transient cavity (Table 4.1), including the diameter and depth, volume of 
impact melt generated within the cavity, and percentage of impact ejected or retained 
within the cavity were calculated with techniques defined by Cintala and Grieve (1998). 
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Figure 4.6:  Circular polarization ratio (CPR) mosaics overlaid on total radar 
backscatter mosaics to generate colourized radar mosaics for the study sites (from 
the Mini-RF instrument aboard LRO). The colour bar refers to the unitless range in 
circular polarization ratio. Smooth surfaces have low CPR and total backscatter, 
appearing purple in the colour mosaics. Rough surfaces have high CPR and total 
backscatter levels, and appear red in the colour mosaics. [Image credit: 
ISRO/NASA/JHUAPL/LPI] 
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In each case, the impact event was assumed to be generated by a chondritic projectile 
striking onto an anorthosite target at 16.1 km s
-1
, same as the values used by Cintala and 
Grieve (1998) in estimating melt volumes for a variety of simple and complex craters.  
The diameter of the transient cavity was calculated using  
                                      (Equation 1), 
where DTC is the diameter of the transient cavity;  is the density of the projectile;  is 
the density of the target;  is the diameter of the projectile; vi is the impact velocity; and 
g refers to lunar gravity. The values used for each of these parameters are summarized in 
Table 4.2.  
The diameter of the projectile was calculated using  
                  (Equation 2), 
where DSC is the diameter of the simple to complex crater transition;  is the density of 
the projectile;  is the density of the target;  is the final crater diameter; vi is the 
impact velocity; and g refers to lunar gravity. The values used for each of these 
parameters are summarized in Table 4.2.  
The volume of impact melt generated relative to the transient cavity diameter was 
calculated using 
                  (Equation 3), 
where c and d are constants are listed in Table 4.2. The depth of excavation and depth of 
melting of materials within the transient cavity is derived from Fig. 4.7. The percentages 
of melt ejected or retained (Fig. 4.8) within the transient cavity were estimated using the 
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Table 4.1: Numerical Calculations of the Transient Cavity for the study sites 
*1. Equation 1 in this chapter                                     
*2. Transient Cavity Depth = 1/3 Transient Cavity diameter (Dence, 1973; Grieve et al., 1989) 
*3. Equation 3 in this chapter   
*4. Figure 7 in this chapter 
*5. Figure 8 in this chapter  
*6. Total melt volume in cavity x % of melt retained within cavity  
*7. Total melt volume in cavity x % of melt ejected from cavity 
Feature Rim-Rim 
Crater 
Diameter 
(km) 
Transient 
Cavity 
Diameter *
1
 
(km)  
Transient 
cavity 
Depth*
2
 
(km)  
Total 
Volume of 
Impact 
Melt within  
Transient 
Cavity *
3
 
(km
3
) 
Transient 
Cavity 
Depth of 
Melting *
4
 
(km) 
Transient 
Cavity Depth 
of Excavation 
*
4
 (km) 
% of melt 
retained 
within 
Transient 
Cavity *
5
 
% of melt 
ejected from 
Transient 
Cavity *
5
 
Volume of 
melt retained 
within 
Transient 
Cavity (km
3
) 
*
6
 
Volume of 
melt ejected 
from 
Transient 
Cavity (km
3
) 
*
7
 
Olcott Crater 81 68.2 22.7 1632.3 ~16 10 50 50 816.1 816.1 
Kovalevskaya 
Crater 
113 92.6 30.9 5288.8 20 ~12 53 47 2803.1 2485.7 
Schrödinger 
Basin 
312 214.7 71.5 1.35E+05 60 30 59 41 7.9E+04 5.5E+04 
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Table 4.1 (cont’d): Numerical Calculations of the Impact Melt Volume for the study sites 
*8. See Appendix B for calculation methods 
*9. Melt thickness x crater floor area  
*10. Melt thickness x area of melt on terrace  
*11. Melt thickness x area of melt pond  
*12. Melt thickness x area of melt veneer  
Feature Area of 
observed 
melt on 
the crater 
floor (sq. 
km) 
Measured 
thickness 
of melt on 
the crater 
floor *
8
 
(m) 
Volume of 
observed 
melt 
within 
crater 
floor 
(km
3
) *
9
 
Area of 
observed 
melt on 
terraces 
(sq. km) 
Measured 
thickness 
of 
observed 
melt on  
terraces *
8
 
(m) 
Volume of 
observed 
melt on 
terraces 
(km
3
) *
10
 
Area of 
melt 
deposits 
beyond 
crater 
rim (sq. 
km) 
Measured 
thickness 
of melt 
deposits 
beyond 
crater rim 
*
8
 (m) 
Volume of 
melt 
deposits 
beyond 
crater rim 
(km
3
) *
11
 
Area 
of melt 
deposit 
on 
central 
uplift  
(sq. 
km) 
Measured 
thickness 
of melt 
deposits 
on central 
uplift  *
8
 
(m) 
Volume 
of melt 
deposits 
on 
central 
uplift 
(km
3
) *
12
 
Total 
observed 
impact melt 
volume  
(km
3
) 
Olcott 
Crater 
1500 
2900 to 
4300 
4.35E+03 to 
6.45E+03 
45.2 10 to 45 4.1E-01 to 1 40 80 3.2 0.34 20 to 40 6.8E-03 
4.35E+03 to 
6.45E+03 
Kovale-
vskaya 
Crater 
3378 
5900 to 
6700 
1.99E+04 to 
2.26E+04 
340 100 3.4E+01 1224 80 - 220 97 - 270 1.75 15 2.6E-02 
 2.02E+04 to 
2.29E+04 
Schrödi-
nger 
Basin 
5.1E+04 600 to 2000 
3.10E+04 to 
7.23E+04 
1.07E+04 400 to 450 
4.28E+03 to 
4.82E+03 
3.05E+04 1500 4.58E+04 670 200 to 400 130 to 270 
1.18E+05 to 
1.49E+05  
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 Table 4.2: Parameter values used for transient cavity and impact melt calculations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parameter Value Source 
Simple to Complex 
crater transition 
diameter 
21 km Pike, 1980 
 
3.58 (chondrite) 
Cintala and Grieve, 
1998 
 
2.734 (anorthosite) 
Cintala and Grieve, 
1998 
vi 16.1 m/s 
Shoemaker and 
Wolfe, 1987 
g 1.63 m/s
2
 
 
c 1.42 x 10
-4
 
Cintala and Grieve, 
1998 
d 3.85 
Cintala and Grieve, 
1998 
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Figure 4.7: Estimates on the depth of excavation and depth of melting for materials 
within a transient cavity with increasing diameter size. For reference, the locations 
of the three study sites are plotted on the figure. Modified from Cintala and Grieve 
(1998). 
135 
 
 
 
Figure 4.8: Percentage of total melt volume retained within a transient cavity or 
ejected from the transient cavity. For reference, the locations of the three study sites 
are plotted on the figure. Modified from Cintala and Grieve (1998). 
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assumption that the excavation flow field has a unit less value of 2.7, as stated by Cintala 
and Grieve (Fig. 16; 1998) in their calculations. The next step was to calculate the 
volume of the melt deposits identified in this study. This included calculating the area 
and thickness of the melt deposits on the crater floor, along the terraced walls and 
overlying ejecta deposits. Areal values were calculated using built-in scripts within JMars 
for Earth’s Moon and ArcGIS® software.  
With a combination of LOLA altimetry data, LRO Camera imagery data, and spectral 
characterization of the impactite units, a variety of techniques were used in calculating 
the thickness of melts depending on their location with respect to the crater (the exact 
methods can be found in Appendix B. The thickness of the melt sheet on the crater floor 
was calculated in two ways: 1) extrapolating the slopes of the crater walls to a point of 
intersection to obtain the true crater depth. Melt thickness was then calculated as the 
difference the observed depth and calculated depth; and 2) looking for any anomalies in 
the spectral representation of post-event crater features when compared to the general 
spectral content of the crater floor (using composite maps, and sample spectral profiles).  
This provided a range in the melt thickness of the crater floor.  
The thickness of melts within the wall terraces, and beyond the crater rim in ponded 
deposits were individually calculated using LRO LOLA data (Appendix B), following 
techniques used in the melt volume calculations at King crater (Heather and Graham, 
2003; Ashley et al., 2012).  Regardless of the technique used, the assumption made was 
that at all locations, the slopes surrounding the melt deposits and the original floor 
surface were topographically smooth (regardless of location within the crater), i.e., the 
presence of faults typical of complex craters was not factored into the thickness and 
volume calculations. Finally, the volume of observed melt was the product of the areal 
extent of the mapped melt unit, and the calculated melt thickness (Table 4.1).   
4.3 Results 
The craters in this study are well-preserved with major the major crater morphology and 
impactite units easily identifiable - e.g., crater ejecta, sharp rims, terrace walls and crater 
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floors with central uplifts. Geological sketch maps illustrate the extent of each of the 
identified units at the three study sites (Fig. 4.9). Exterior impact melt deposits in the map 
floors with central uplifts. Geological sketch maps illustrate the extent of each of the 
identified units at the three study sites (Fig. 4.9). Exterior impact melt deposits in the map 
(Fig. 4.9) refer to the observation of melt deposits beyond the crater floor (this includes 
deposits over central uplifts, on terrace surfaces, and beyond the crater rim). From image 
data, impact melt deposits are identified both within and beyond the crater floor at each 
of the study sites. Impact melt deposits are smooth, have low albedo, and fill in around 
much of the hummocky terrain on the crater floor (Fig. 4.9). Melt deposits are found as 
thin veneers along each of the central uplifts, and as pooled deposits over crater terraces. 
Pooled deposits are also identified beyond the crater rim overlying crater ejecta (Fig. 4.9). 
UV-VIS-NIR reflectance data reveals great detail about the rock compositions present at 
each crater site, and the degree of surface maturity. Clementine colour ratio composite 
images (Fig. 4.4A–C) indicate that the terrain is mostly mature, due to exposure to solar 
radiation for much of the lunar history. The presence of some mafic component is 
discernible in colour ratio composite maps, particularly at Olcott (Fig. 4.4A), and 
Kovalevskya crater (Fig. 4.4B). The iron distribution maps highlight the presence of 
notable mafic areas within the feldspathic terrain much better than the colour ratio 
composite maps (Fig. 4.4D–F). As noted in Chapter 2 – section 2.3.1, the effects of high 
phase angles encountered by the Clementine instrument at the latitudes of Schrödinger 
are taken into account when interpreting the information from the iron distribution map 
(Fig. 4.4F). M
3
 derived IBD parameter maps (Fig. 4.5) and sampled spectral profiles (Fig. 
4.10) of the morphological units within each of the craters suggest a heterogeneous 
distribution of mafic and anorthosite materials. Sampled spectral profiles (Fig. 4.10) of 
the morphological units within each of the craters indicate the presence of both low and 
high-Ca pyroxenes and plagioclase feldspar. While the distribution of mafic material is 
not ubiquitous, it alludes to the complexity of the target subsurface (as seen in Olcott 
crater and Schrödinger basin in previous chapters).  
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Figure 4.9: Geological sketch maps of Olcott crater, Kovalevskaya crater, and 
Schrödinger basin focusing on the distribution of impact melt deposits recognized 
beyond the crater floor. The basemap is a global mosaic derived from the Lunar 
Reconnaissance Orbiter Wide Angle Camera. The distribution maps for Olcott 
crater and Schrödinger basin are modified from versions included in Chapters 2 
and 3. [Image credit for basemaps: NASA/GSFC/Arizona State University] 
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Figure 4.10: Chandrayaan-1 M
3
 derived spectral profiles of sampled geological units 
for Olcott crater, Kovalevskaya crater, and Schrödinger basin. There is a strong 
presence of low-Ca pyroxenes in all craters, but some areas indicate the presence of 
plagioclase feldspar and high-Ca pyroxene rich materials.  
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With radar data, high CPR and radar backscatter values are indicative of a rough surface 
(Carter et al., 2012), appearing bright and red on the colour radar mosaic (Fig. 4.6). 
Smooth surfaces have low backscatter and low CPR and, therefore, appear dark and 
purple on the colour mosaics (Fig. 4.6). The radar characteristics of Olcott and 
Kovalevskaya craters at a regional scale reveal that much of the terrain has low CPR and 
total backscatter (Fig. 4.6A, B). Radar data also does not show any variations in the 
smoothness or roughness of the exterior impact melt deposits when compared to the 
surrounding terrain (Figs. 4.4, 4.12, 4.13; Appendix A). 
The characterizations of melt deposits at each crater site (Figs. 4.11, 4.13, 4.15) are 
further detailed in sections 4.3.1 – 4.3.3.  
4.3.1 Impact Melt Deposits within Olcott Crater 
As stated earlier, impact melt deposits are located within various crater units of Olcott 
crater (Fig. 4.11). The floor of Olcott crater is filled with a mixture of smooth and 
hummocky terrain (Fig. 4.11A). Smooth surfaces (interpreted as impact melt deposits due 
to the lack of association with any nearby volcanic areas) are also found as low albedo 
pond deposits draped over terraced walls and concentrated along the eastern section of 
the crater (Fig. 4.9A, 4.11 B–D). As stated in Chapter 3, an investigation of the available 
LRO NAC images indicates multiple instances of impact melt veneers draped over some 
of the central peaks (Fig. 4.11E). The maximum extent of mapped melt deposits is 
approximately 43.9 km beyond the crater rim (or 1 crater radius distance) (Fig. 4.9A).  
Composite maps using multispectral datasets indicate a strong mafic presence along the 
southern crater floor and wall (Figs. 4.4A, D; 4.5A; Chapter 3). The spectral profiles 
indicate there is both low and high-Ca pyroxene, and plagioclase feldspar (Fig. 4.10A; 
Chapter 3).  Surface roughness maps of the crater reveal that impact melt deposits within 
the crater walls and on the floor appear smooth (Figs. 4.6A, 4.12, Appendix A). 
However, it is unknown at this point if the smooth texture of the surface is due to the 
presence of melts, a difference in the levels of regolith thickness between the smooth and 
rough surfaces, or topographic effect. The effects of topography or material composition  
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Figure 4.11: Impact melt deposits of Olcott crater. A) LRO WAC mosaic context view of melt deposits highlighted in 4.11B–F. 
B) Smooth, low albedo impact melt deposit near the crater rim. NAC M130870650LC. C) Crater rim area and context view 
for Fig. 4.11D. NAC M182767638LC. D) 3-D view of thin impact melt veneers drape over the crater ejecta just beyond the rim, 
100x vertical exaggeration. E) Smooth low albedo melt fill areas between the central uplifts on the crater floor. Image width is 
2.5km. NAC M108460950RC. F) Smooth, low albedo melt is draped over much of the peak surface, with some exposures of 
bright, presumably blocky, peak material. [Image credit: NASA/GSFC/Arizona State University] 
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Figure 4.12: Comparison between the radar and visible observations of impact melt 
deposits around Olcott crater. A) LRO WAC global context view of the crater area. 
Black box outlines the context location of Fig. 4.12 B–D. Orange box provides a 
context location of the bright wall slope for reference in Fig. 4.12B–D. B) Mapped 
melt deposits (red polygons) overlaid on LRO WAC image mosaic. Image modified 
from Fig. 4.9A. C) Circular polarization radar map of the area within 4.12B. Much 
of the melt deposits (where data is available) have low CPR. D) Total radar 
backscatter map of the area within 4.12B. Much of the area including the melt 
deposits is radar dark, with the exception of some of the central uplifts on the crater 
floor. [Image credit: ISRO/NASA/JHUAPL/LPI] 
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Figure 4.13: Impact melt deposits of Kovalevskaya crater. A) LRO WAC mosaic 
context view of melt deposits highlighted in Fig. 4.12 B–F. B) Thin melt veneers 
drape wall slopes and terrace surfaces. LRO NAC M136029701LC. C) A pooled 
melt deposit (within white dash polygon) is observed along the crater wall, close to 
the crater floor. NAC mosaic M136029701LC; RC. D) Sinuous feature on the crater 
floor, either indicative of melt flow or a scarp: LRO NAC M103001717LC. E) 
Smooth melt deposits on terrace floor. LRO WAC global mosaic basemap; LRO 
NAC M178488703LC. F) Melt veneers draped along the crater rim edge. LRO NAC 
M178488703LC. [Image credit: NASA/GSFC/Arizona State University] 
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draped over parts of the central uplift and crater walls (Fig. 4.9B; 4.13B, E, F). Beyond 
the crater floor, melt deposits appear as pooled deposits filling low-lying depressions 
within terrace surfaces (Fig. 4.13C, E). Pooled deposits also overlie on crater ejecta 
beyond the crater rim (Fig. 4.9B), and the extent is more widespread than at Olcott crater 
(Fig. 4.9A).  The maximum extent of impact melt deposits is 97 km beyond the crater rim 
(~2 crater radii).  
The multispectral datasets reveal a surface much like what is observed at Olcott crater 
(section 4.3.1). Composite maps reveal a concentrated presence of pyroxene rich 
materials along the north east section of the crater floor, terrace, and rim (Figs. 4.4B, E; 
4.5B).The M
3
 derived IBD spectral parameter map (Fig. 4.5B) and sampled spectral 
profiles (Fig. 4.10B) indicates the diverse distribution of both low and high-Ca pyroxene, 
and plagioclase feldspar (Fig. 4.8B). Much like the observations at Olcott crater (Fig. 
4.12), radar coverage of Kovalevskaya show impact melt deposits as radar smooth 
features at the centimetre to decimetre scale (Fig. 4.6B; Fig. 4.14, Appendix A), when 
compared to the surrounding surface. As mentioned earlier for Olcott crater, it is 
unknown at this point if the smooth areas of the surface are as they appear due to 
topographic, or compositional effects, or are characteristic of the impact melt deposits.  
In addition to the above observations, a sinuous feature has also been observed on the 
crater floor (Fig. 4.13D). This feature appears near the southern edge of the central uplift, 
and extends 11 km south west towards the crater terrace walls. The lack of volcanic 
evidence suggests this feature to be impact melt in origin, possibly a lobe flow feature. 
Radar data does not show any change in surface roughness associated with this feature 
(Fig. 4.6B, 4.14, Appendix A). The M
3 
IBD spectral parameter map (Fig. 4.5B) for 
Kovalevskaya crater does not show any spectral characteristics unique within this feature 
when compared to the remainder of the crater. This is different from the results of an 
observation made within Copernicus crater (Dhingra et al., 2012) – a 96 km diameter 
complex crater that would be considered similar in size to Kovalevskaya crater. A 30 km 
flow feature has been observed on the floor of Copernicus crater, and shows up distinctly 
in the IBD spectral parameter map (Dhingra et al., 2012). The interpretation is that the 
feature within Copernicus crater is that it may represent a late stage flow event triggered  
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Figure 4.14: Comparison between the radar and visible observations of impact melt 
deposits around Kovalevskaya crater. A) LRO WAC global context view of the 
crater area. Black box outlines the context location of Fig. 4.14B–D. Orange box 
provides a context location of the simple crater for reference in Fig. 4.13 B–D. B) 
Mapped melt deposits (red polygons) overlaid on LRO WAC image mosaic. Image 
modified from Fig. 4.9B. C) Circular polarization radar map of the area within Fig. 
4.14B. Much of the melt deposits (where data is available) have low CPR. D) Total 
radar backscatter map of the area within Fig. 4.14B. Much of the area including the 
melt deposits is radar dark, with the exception of materials on the crater floor. 
[Image credit: ISRO/NASA/JHUAPL/LPI] 
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by the breach of pooled melt (Dhingra et al., 2012). As this is not observed within 
Kovalevskaya crater, another mode of formation is that perhaps this is a result of tectonic 
responses of extension and contraction. 
4.3.2 Impact Melt Deposits associated with Schrödinger Basin  
The basin floor of Schrödinger is filled with a mixture of smooth and hummocky terrains 
interpreted to be impact melt rocks (see Chapter 2). As part of this study, a combination 
of photographic evidence from the LRO WAC data and LOLA topography has led to the 
visual identification of impact melt deposits beyond the crater floor (Fig. 4.15). Further to 
the study discussed in Chapter 2, the mapping of exterior impact melt deposits has 
continued and the results are summarized here (Fig. 4.9C). At the LRO WAC image 
scale, melt deposits show visible contrast when compared to the immediate surroundings 
(the deposits are not within the pre-identified mare patch, volcanic deposit regions), are 
smooth and low in albedo, and fill depression areas (Fig. 4.15 B–F). Impact melt appears 
largely as pooled deposits that fill low-lying areas within the central peak ring, terrace 
surfaces, and overlie ejecta deposits (Figs. 4.9, 4.15). The identification of deposits at the 
LRO NAC image scale is more challenging, unlike the case for the previous two craters. 
While visible contrasts exist along the terraced surfaces to make the identification 
possible, much of the areas beyond the basin rim show similar textural characteristics as 
the surrounding ejecta material (e.g. Fig. 4.15F). Therefore, the mapping and 
characterization of the melt deposits discussed here are based on observations using LRO 
WAC global mosaics. Much of the exterior melt deposits are located along the eastern 
rim of the basin (Fig. 4.9C). The maximum extent of impact melt deposits is 387 km 
from crater centre (or 3 crater radii).  
From a spectral perspective, the profiles of the various crater units (Fig. 4.9C) indicate 
the presence of low-Ca pyroxene materials (Fig. 4.10C). The distribution of the 
occurrence of fresh mafic-rich spectra, as identified using the automated basalt algorithm 
on Clementine data (Fig. 2.7), indicates that there are still many areas beyond the basin 
rim that have a mafic signature different from the remainder of the basin. This is even 
after accounting for the effects of high-phase angle for latitudes near Schrödinger basin. 
Many of these basalt rich areas are within pooled melt deposits over continuous ejecta, as 
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mapped in this study (Fig. 4.9C). So far, M
3
 derived spectral profiles within the available 
coverage areas (Fig. 4.5C) have not yielded anything unique to confirm the results from 
Clementine data. However, due to instrument calibration issues and the high pixel 
volume of M
3
 data to sort through this has made the spectral characterization of impact 
melt deposits within Schrödinger basin challenging. It is also unknown at this point if the 
impact melt deposits of Schrödinger represent materials that are part of the terrace wall or 
the impact melt deposits of the larger South Pole-Aitken basin.  
For the basin area that has available radar coverage (Fig. 4.6C, Appendix A; Fig. 2.10), 
impact melt deposits identified both within and beyond the basin rim (Fig. 4.9C) do not 
noticeably differ in radar properties when compared to the surrounding regolith. The 
regional extent appears radar rough. This suggests that perhaps the melt deposits are 
covered by regolith thick enough to affect their radar brightness (Appendix A).      
4.3.3    Estimates on the volume of melt present around complex 
craters 
Calculations of the transient cavity diameter, depth, and volume of melt generated; and 
the estimates on the areal extent and volume of observed melt deposits within each crater 
are summarized in Table 1. The areal extent of impact melt deposits increase as the crater 
diameter increases (Fig. 4.9). This matches model predictions that state the relative 
volume of melt generation increases as the crater event increases (Cintala and Grieve, 
1998). The difference between the volume calculations from this study and model 
estimates are in the amount of melt that either remains within the crater or is ejected 
beyond the crater rim. The volume of identified melt deposits around Olcott crater is 2x 
the model estimate (Table 4.1), and a look at the distribution of identified melt deposits 
reveals that most of the melt remains within the crater interior. The fraction of observed 
melt retained within the crater interior is much higher (90% retained, ~10% ejected) than 
the model prediction of 50:50. The volume of identified melt deposits around 
Kovalevskaya crater is ~ 8-10 x the model estimate (Table 4.1). However, according to 
the mapping calculations, the volume of melt that is ejected represents only a percentage 
of the entire melt volume.  The volume of identified melt deposits around Schrödinger 
basin models well with estimates with minimal difference (the mapped melt deposits are 
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Figure 4.15: Impact melt deposits of Schrödinger basin. A) LRO WAC mosaic context view of melt deposits highlighted in 13 
B–F. B) Melt ponds (within white polygons) beyond the basin rim appear smooth and fill pre-existing crater depressions, NAC 
M115422614LC. C) Impact melt deposits draped over the central uplifts and along the basin floor, NAC M115422614LC. D) 
Smooth deposit nestled in a topographic low within the central uplift. E) Melt deposits along wall terraces on the western rim, 
LRO WAC basemap, NAC M172182757RC. F) Comparison of the appearance of impact melts between the global WAC and 
high resolution NAC data. With optimal phase angles, the presence of melt deposits can be identified at latitudes of 
Schrödinger basin. [Image credit: NASA/GSFC/Arizona State University]
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10% greater than the model estimates; Table 4.1). The amount of melt retained within the 
crater is only slightly larger than model estimates (70% of mapped melts are within the 
crater, compared to the model predictions of 60%). The potential discrepancies in the 
calculation methods of observed and modeled melts are detailed in section 4.4.2. 
4.4 Discussion 
The fusion of multiple datasets provides a unique way to recognize and characterize impact 
melt deposits, particularly around impact craters that have been exposed to solar radiation 
and on a surface that has experienced impact bombardment much of the surface history. As 
can be seen from this study, all the selected craters are located within the lunar highlands – 
assumed to consist of predominantly anorthosite (Chapter 1, section 1.5.1.1). However, the 
spectral trends seen within Schrödinger basin (Chapter 2), Olcott crater (Chapter 3), and 
Kovalevskaya crater (this chapter) indicate a strong mafic presence, one that is not uniform. 
This diverse distribution in mafic minerals could be the result of either 1) continuous 
redistribution of target materials from other subsequent impact events on the Moon, perhaps 
mafic material from a volcanic region from another part of the Moon was deposited at these 
crater sites; or 2) is indicative of the presence of mafic rich material within the target 
subsurface. Material that is subsequently covered by highland ejecta from later impact events 
on the Moon. The regional location of lunar craters also determines the types of mineral 
materials that may be excavated, as seen with Schrödinger basin that is on the edge of the 
South Pole-Aitken basin (Chapter 2), and Olcott crater that is within the larger Lomonosov-
Fleming basin (Chapter 3). It is unknown at this point if Kovalevskaya crater lies within any 
older, degraded impact basin of any type to explain the presence of mafic-rich deposits to the 
north east section of the crater terraces and floor. The geological history of this crater is 
required however it is beyond the scope of this study. The presence of pre-existing 
topography and the diversity in target layers can affect the distribution of various impactite 
materials including the emplacement of late-stage impact melt and ejecta deposits.  
4.4.1 The identification of exterior melt deposits 
The purpose of this study has been to determine the advantages of conducting multispectral 
analyses of impact craters, and testing the effectiveness in identifying impact melt deposits 
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beyond the crater floor with these datasets. The craters in this study are either Erastothenian 
or Imbrian in age (ranging from 1.1–3.5 Gyr; Wilhelms, 1987), exposed to solar radiation 
and subsequent impact history. Impact melts along wall terraces and beyond the rims on 
lunar craters have long been characterized as: 1) smooth deposits with low albedo that pool 
within depressions, 2) occur with various morphologies such as veneers, and melt ponds, and 
3) are not associated with any volcanic origin of source (Hawke and Head, 1977).  LRO 
Wide Angle (WAC) and Narrow Angle (NAC) camera data provides the highest resolution 
available yet to identify impact melt deposits around complex craters that are moderately 
aged (Fig. 4.9). However, the identification of impact melt deposits around complex impact 
craters is challenging, and is limited only to visible datasets. Multispectral datasets (as 
explained further below) are useful in broadly determining the compositional and surface 
texture details of impact melts within the craters. The identification of melt deposits strictly 
using reflectance spectroscopy is not possible (explained further in Chapter 5, section 5.2.1).  
The intent of using radar data in the analyses of characterizing impact melt deposits around 
complex craters is to determine if impact melt deposits can be identified with radar, in 
addition to what is already observable with visible image data. Radar data (Fig. 4.6) of the 
study sites do not show much variation in the roughness factor of the exterior impact melt 
deposits (at the centimetre and decimetre scales). This is different from the results from other 
recent simple and complex craters, where radar detects excellent variations in the surface 
roughness of impact melts, and where radar data has been greatly useful in identifying impact 
melts not recognized in photographic datasets (Carter et al, 2012). While there is room for 
error in calculating the exact values for CPR and total backscatter at Olcott and 
Kovalevskaya craters, the general trends in surface roughness and radar detail is still used in 
our interpretations. The data gaps in radar coverage of the study areas make it challenging to 
characterize impact melts throughout the crater area. The lack of radar roughness within 
impact melt deposits at these study sites may be due to the effects of topography, 
composition, or non-pristine state of impact melts (as discussed in sections 4.3.1–4.3.3). 
Reflectance spectroscopy, in this study, has been useful in broadly identifying the 
compositional detail of the study area, and determining if any mafic materials exist. The high 
spectral resolution M
3
 data provides details on the location of the band absorptions. Colour 
ratio maps using both the Clementine and M
3 
datasets highlight the complexity of target 
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materials (Figs. 4.5, 4.6). Reflectance values of profiles at all sites are typically low and are 
normalized to determine the spectral characteristics of units (Fig. 4.10), highlighting of the 
effects of maturity on the intensity of the absorption features. The presence of the absorption 
feature at specific wavelengths in the UV-VIS-NIR confirms the occurrence of lunar 
minerals such as pyroxene, plagioclase feldspar, etc. However, the spectral characteristics of 
the exterior melt deposits are undistinguishable from spectral characteristics of the crater 
floor. This is an indication that the melts emplaced beyond the crater floor are the same 
materials as the crater floor melts, and that the compositional variation in the target surface 
extends to depth.  
4.4.2 Melt Volumes 
With the availability of high resolution of image data, identifying the extent of impact melt 
deposits has provided better opportunities to estimate the total melt volume within lunar 
craters (Mazarico et al., 2011; Denevi et al., 2012). This study uses the combination of LRO 
Camera data and topography to estimate (at a very simple first-order approach) the observed 
volume of melt deposits around each crater and compare it with model estimates on the 
volume of melt that is generated within the transient cavity. The effects of melt 
differentiation are not considered in our analyses. It is interesting to note that, while 
differential scaling is observed with respect to the total volume of melt generated within a 
transient cavity (i.e. the volume increases as the transient cavity diameter increases; Cintala 
and Grieve, 1998), there is also a spatial correlation that as the final crater size grows, a 
significant amount of melt deposits are emplaced beyond the crater rim (Fig. 4.9). The 
increasing scale of crater modification with crater wall collapse and central uplift 
modification and the role of pre-existing topography is providing added momentum for melt 
deposits to emplace beyond the crater rim (Osinski et al., 2011). 
The thickness of the melt sheet on the crater floor of Olcott has been determined using the 
depth-diameter ratio of complex craters (Croft, 1980; Appendix B). Using equations for 
calculating the dimensions of the transient cavity (Eqs. 1 – 3), model melt volumes are 
estimated for each of the craters, including the percentage of melt retained or ejected relative 
to the transient cavity (section 4.3.4). While the total volume of mapped melt rocks is within 
an order of magnitude of model estimates (Table 4.1), the more interesting fact is that the 
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faction of observed melt retained within the crater (i.e., on the crater floor, and along terrace 
and central hill surfaces) comprises roughly 90% of the total mapped melt volume. This may 
be due to the lack of identification of melt deposits beyond the crater rim. The distribution of 
the melt deposits beyond the crater rim is at present limited. This highlights the need for 
further and detailed mapping of the melt deposits within Olcott crater to assess if the 
observation is of accurate measure. The high amount of image data presently available from 
the Lunar Reconnaissance Orbiter instrument suite for the study area has made it challenging 
to filter through all the images and takes up time beyond the scope of this project.  
At Kovalevskaya crater, the mapped melt volume is as much as seven times than model 
predictions (Table 4.1). Not many post-Kovalevskaya event impact craters are identified 
within the melt deposits of Kovalevskaya, craters that may be excavating materials from 
beneath the crater floor.  It is particularly difficult to gain topographic profile of crater 
features that are identifiable at the scale LRO NAC imagery, but not resolvable at the LOLA 
altimetry level in order to get melt thickness values of any of the melt morphologies.  
Schrödinger basin does have the largest areal extent of melt deposits beyond the crater rim 
(Fig. 4.9), when compared to the other two study sites. The volume of mapped melt deposits 
are also the highest between the three craters. This is expected given the scale of the impact 
event, and the greater depths of excavation and melting estimates (Fig. 4.7). The large range 
in the total volume of mapped melt deposits at Schrödinger basin (Table 4.1) is due to the 
varied range of melt thicknesses assumed for the crater floor. As detailed in Appendix B, two 
approaches were taken to estimate the thickness: one using the measurements of smaller 
simple craters on the crater floor to estimate a minimum thickness; and the other approach by 
extrapolating the shape of the original basin to gauge the crater floor melt thickness (Fig. 
B.1). The minimum and maximum thicknesses are used in calculating the volume – which 
results to a wide range.  
According to the calculations from this study, melt deposits ejected beyond the basin rim are 
identified for Schrödinger basin and represent ~30 – 50% of the total melt volume.  This is 
close to the approximation from models estimates (~41%; Table 4.1). If model estimates on 
the scaling of impact melt volumes are consistent, then the results from this study indicate 
that the identification of impact melt deposits beyond the rim of Schrödinger basin are 
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accurate at the image scale, and that the extent of impact melt deposits beyond the crater rim 
as identified here should be considered for future studies, particularly in understanding the 
crater dynamics and emplacement theories of impactites at the scale of a peak-ring basin. 
One potential aspect that can explain the differences between model and observed volumes 
of melt deposits is the thickness measurements of melt deposits used in calculating volumes 
of different melt morphologies. As seen in Table 4.1, there is a range in thicknesses for the 
mapped melt deposits. The methods used here are very simplistic, and thickness estimates for 
smaller fresher lunar craters are now starting to be studied using high resolution altimetry and 
image data (e.g., Ashley et al., 2010; Denevi et al, 2012). Ideally, the thickness of melts 
would have to be calculated for each and every deposit, and those values would be used to 
get an accurate estimate on the volume. However, measuring the thicknesses for each deposit 
is beyond the scope of the project. Therefore, the value of melt thicknesses used is the 
average thickness between the smallest and largest deposits of the same morphology where 
present. In principle, small melt deposit would have the thinnest melt layer, and the largest 
deposit would have the thickest melt layer. Nevertheless, the results of this study are meant 
to be a starting point in addressing this question on how the distribution of melt deposits 
relate to model calculations. For large areal deposits that cover a wide area of the target 
surface, multiple topographic profiles can be taken thereby giving an accurate estimate on the 
depth of melt. However for smaller deposits, where the resolution of LRO Camera (NAC) 
data is higher than the spatial resolution of LOLA data –the depths of many melt deposits are 
not resolvable at the scale of the topographic data from LOLA. Therefore, an average 
thickness measurement is taken, which is not totally representative of each deposit.  
The values of melt deposit thicknesses surrounding lunar craters are not well understood. 
Models have helped gain perspective on the process, however much of our understanding on 
the thickness of melt deposits is still based on terrestrial observations (Grieve and Cintala, 
1992). Even then the melt thickness around terrestrial craters vary – depending on the 
regional topography, effects of erosion (Grieve and Cintala, 1992),  and target rock 
compositions (Osinski et al., 2008). Spectral characteristics of the crater area do provide a 
good constrain on the amount of melt present. As seen with Schrödinger basin (Appendix B), 
the observation of a spectrally different area on the crater floor (Fig. 2.7) provides an 
endmember on the amount of melt present within a crater floor. The effects of pre-existing 
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regional topography many also explain the range in melt thicknesses (Chapter 3, section 
3.3.1). The spectral details of post-crater events within Olcott and Kovalevskaya are not that 
different from spectral details of the remainder of the crater floor, therefore there is a 
possibility that post-event craters measured on melt deposits are not tapping through the 
entire melt sheet. Therefore, the approach to use the depth-diameter ratio of complex craters 
is used (Fig. B.1), and the estimates on melt thickness and melt volume is, a very basic value. 
Modelling parameters (Table 4.2) need to account for target heterogeneity. At present, the 
model calculations are based on a chondrite projectile striking an anorthosite target (Cintala 
and Grieve, 1998).  However, as is seen in this study, the target surface is heterogeneous, 
with mafic rich materials being excavated at depth (Chapter 2; Chapter 3; this chapter section 
4.3.2).  
4.5 Summary 
This study investigates the distribution of impact melt deposits around complex craters. This 
study shows that for larger craters, the amount of melt generated increases, and the extent of 
impact melt deposits present beyond the crater floor also increases. Similarly, the amount of 
impact melt volume generated also increases. For determining the compositional makeup and 
extent of impactite materials, reflectance spectroscopy datasets are essential tools. This 
provides a complimentary tool in understanding the impact cratering process. 
The combination of multiple datasets including image, altimetry, and reflectance 
spectroscopy prove to be a useful tool in mapping the distribution of melt deposits within and 
beyond the crater floor. Furthermore, the availability of high resolution spatial and 
topographic data provides new opportunities to estimate the thickness of melt deposits and 
depth estimates of the crater floor. This allows for an estimate on the melt volume around 
large complex lunar craters. However, various assumptions are made in the calculations of 
impact melt thicknesses, and crater floor depths which lead to a large range in impact volume 
estimates. More efforts are required in making more accurate measurements for melt 
thicknesses, and better model experiments on the depths of impact craters – both simple and 
complex.  
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Chapter 5  
5 Discussion on the spectral and spatial characteristics of 
Impact Melt Deposits surrounding lunar complex craters 
The Moon has a heavily cratered surface with varying impact crater morphologies. The 
minimal effects of erosion and the lack of an atmosphere make it an excellent location to 
study the characteristics of impact craters and the impact cratering process, in general. 
Constant bombardment of space rocks on the lunar surface has resulted in the record of both 
simple and complex craters (Chapter 1, section 1.5). The lunar farside has a good 
preservation of impactite features around large complex craters such as Olcott crater, 
Kovalevskaya crater, and Schrödinger basin (Chapters 2 – 4) with minimal modifications 
from later volcanism. Each of the complex craters included in this study have well preserved 
crater features (Fig. 4.3) including a sharp rim, walls terraces, and a diverse variety of central 
uplifts that range from peaks, to peak clusters, and peak ring (Fig. 4.3).  
Increasing usage of remote sensing satellite instruments including the high-resolution 
multispectral datasets from the Lunar Reconnaissance Orbiter and Chandrayaan-1 mission 
instruments provides researchers with excellent new methods for understanding the 
distribution of various impactites. Camera data is particularly useful in the identification of 
impact melt deposits associated with each crater. Typically, impact melt deposits are smooth 
features with low albedo, and the morphologies range from coherent sheets filling the floor 
of complex craters, or as thin veneers, or pooled deposits that fill depression areas (Figs. 
4.11, 4.13, 4.15). The influence to local topography plays a large role in the crater 
modification stage (Chapter 1, section 1.1.3) and provides added momentum for impact melt 
deposits to be displaced beyond the crater rim (Fig. 4.9). While the identification capabilities 
of impact melt deposits are improving, determining the extent of impact ejecta at sites such 
as Olcott crater, Kovalevskaya crater, and Schrödinger basin is more challenging. The long 
exposure of the crater terrain to subsequent micrometeorite bombardment, and later impact 
events is the likely explanation for this.  
Impact craters also provide details about the lunar crust through the excavation of subsurface 
materials. The technique of fusing together high-resolution multispectral and spatial datasets 
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provides a unique opportunity to compare the compositional aspects of the target surface and 
the emplacement locations of different rock types over various impactites. The lunar farside 
has long been assumed to be comprised of mainly lunar highland (i.e., anorthositic and Mg-
suite) materials, with minimal amounts of mare volcanism or mafic minerals including spinel 
or olivine that would be derived from depth (Gilles and Spudis, 1996; Hiesinger and Head, 
2006 and references therein).  However, from this study it is observed that both Olcott crater 
(Figs. 3.5C, 4.5) and Kovalevskaya crater (Figs. 4.5, 4.10) display unique distributions of 
mafic-rich rocks (high-Ca pyroxene, Mg-spinel) that are unlike the compositions of the 
regional highland terrains. Furthermore, the distributions of the mafic rich minerals are not 
isolated to a particular feature but rather a result of mechanical mixing. In the case of Olcott 
crater (Chapter 3), the proximity of to the larger Lomonosov-Fleming basin provides a 
reasonable assumption that the source of the mafic-rich rocks are from buried cryptomare 
(Chapter 3, section 3.3.4). At present, the source for the mafic rich exposure at Kovalevskaya 
crater (Fig. 4.5) is not attributed to any known pre-existing source of mare presence. 
However, the identification of this anomaly provides researchers with added detail about the 
immediate subsurface at Kovalevskaya. Schrödinger basin also displays a diverse distribution 
of mafic-rich minerals over many parts of the basin (Figs. 2.7, 2.9), which has been attributed 
to the proximity to the South Pole-Aitken basin (Chapter 2, section 2.4.1).  This makes it 
increasingly apparent that the lunar farside crust is not a homogeneous layer of crustal low-
Ca pyroxene and anorthosite materials, and instead is more likely interlaced with mafic 
minerals including high-Ca pyroxene, and Mg-spinel originating at depth.  
In addition to the detailed characterizations of impact melt deposits within the crater floor for 
each of the sites, the availability of high resolution data provides improved opportunities in 
identifying and characterizing impact crater deposits beyond the crater floor. Later sections 
in this chapter discuss the capabilities and challenges faced in identifying such melt deposits. 
The discussion also looks at the role this study provides in the broader scope of impact crater 
studies and lunar exploration. 
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5.1 The distribution of impact melt deposits beyond the crater 
rim  
One of the major topics of this study has been to assess the distribution of impact melt 
deposits around complex craters on the lunar farside, particularly craters that are not fresh 
and that are moderately aged. Impact melt deposits have long been recognized around young 
(Copernican age) lunar craters with image data, going back to the Lunar Orbiter (1966–1967) 
and Clementine (1994) missions. Impact melt sheets fill the crater floor of all the craters 
(Stöffler et al., 2006), and are emplaced during the crater excavation and modification stages 
(Osinski et al., 2011). Impact melt deposits beyond the crater floor range from thin veneers 
on terrace walls to pooled deposits within topographic lows (Figs. 4.9, 4.11–4.13). The 
availability of high resolution datasets at the scales captured by Lunar Reconnaissance 
Orbiter (LRO) Wide Angle Camera (WAC) and Narrow Angle Camera (NAC) data makes 
the identification process much easier; thereby, making the assessment of melt distribution 
more accurate. For example, large impact melt deposits beyond the rim of Schrödinger basin 
were recognizable using Clementine data (Shoemaker and Robinson, 1995). However, this 
study has shown that melt deposits occur along the wall terraces around the crater, and 
beyond the basin rim both to the south (which were in shadow during previous missions) and 
east (Chapters 2, 4). The identification of melt deposits around Olcott (Chapter 2) and 
Kovalevskaya craters has also been successful in this study, for the first time, because of the 
ability in the instruments to resolve features at those scales (Fig. 4.9).  
This work shows that the presence of pre-existing topography affects the distribution of 
various impactite materials, particularly impact melt deposits around the rims of complex 
craters studied (Chapters 2 – 4). Earlier studies using model calculations and observations 
have proposed that much of the melt deposits of Schrödinger basin lie concentrated beyond 
the eastern rim (Hawke and Head, 1977; Cintala and Grieve, 1998). Mapping of the melts 
(Chapters 2, 4) reveals that the extent of the melt deposits observed beyond the crater rim is 
largely concentrated along the north east section of the basin (Fig. 4.9C). Schrödinger basin 
is located along the terrace walls of the South Pole-Aitken basin (Fig. 2.14). Topography of 
the South Pole-Aitken basin indicates a drop in elevation throughout the area around 
Schrödinger basin, particularly to the north east direction (Fig. 2.14). Collapse of the basin 
walls during crater modification would have made it easier for the impact melts to escape 
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from the transient cavity and be emplaced beyond the rim. Similar observations have been 
made at Kovalevskaya and Olcott craters, melt deposits are found beyond the crater rim (Fig. 
4.9). From LOLA topography, a number of pre-existing feature outlines can be observed at 
locations where impact melt deposits are found (Fig. 4.3).  
5.2 The role of multispectral datasets in identifying impact 
melt deposits 
Identifying impact melt deposits solely with the use of multispectral datasets is challenging. 
Image data is needed to first identify melt deposits. Once the extent of melt deposits is 
determined using image data, reflectance spectroscopy is very useful in determining the 
compositional characteristics of the deposits and the crater terrain in general. Spectral 
composite maps together with topography are useful in defining aerial extent of spectral units 
(Smrekar and Pieters, 1985). 
The absorption wavelengths captured by UV-VIS-NIR data in the M
3
 data provide excellent 
detail to determine the types of lunar minerals present at each crater site. Each of the craters 
investigated in this study are located in lunar highlands, and spectral profiles of their 
impactite materials indicate the presence of low-Ca pyroxene and plagioclase feldspar 
(Chapters 2 – 4). The intensities of the plagioclase feldspar absorptions are weak, which is 
expected because of the dominance of the pyroxene absorptions (Crown and Pieters, 1985; 
Pieters, 1986).  Spectral profiles in this study indicate the presence of mafic rich minerals – 
particularly high-Ca pyroxene and Mg-spinel (Chapter 2 – 4). This adds a new perspective on 
the level of mafic activity within the lunar farside because very little evidence of volcanism 
is present on the surface (Gilles and Spudis, 1996; Hiesinger and Head, 2006 and references 
therein). This work shows that crater-forming events at the scale of these complex craters 
excavated mafic-rich materials, and emplaced them within and around the craters (Chapters 2 
– 4). This provides details not just about the individual craters, but also about the local 
geological history and depths to which mafic rich layers may be present within the farside 
crust.  
The spectral characteristics of the impact melt deposits are, however, similar to the general 
spectral characteristics of the crater. From this study, nothing in the remotely derived spectral 
detail stands out as being intrinsically characteristic of impact melts. This suggests that the 
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impact melts emplaced beyond the crater floor are composed of the same materials as the 
bulk target surface; therefore supporting the suggestion that melts can be emplaced as a 
secondary ejecta layer phase during the crater modification process (Osinski et al., 2011).   
This work has shown that radar data is not particularly useful in identifying impact melt 
deposits around older complex craters, in contrast to observations around younger craters 
(Neish et al., 2011; Carter et al., 2012). Radar mosaics of the study areas reveal that much of 
the impact melt deposits appear the same in radar roughness as the rest of the crater (Fig. 4.4; 
Appendix B).  
5.2.1 Challenges in using the multispectral datasets 
At all crater sites in this study, the spectral characterization of impactite units has been 
limited to sampling at locations that best represent fresh sloped surfaces for an accurate 
result. Sloped surfaces provide the freshest surfaces that are least affected by regolith build-
up. Until the release of the LRO image data in 2009, it was challenging to find fresh rock 
outcrops to sample spectra from. Clementine UV-VIS data and the Clementine elevation 
maps were the only multispectral and topographic datasets available during the study on 
Schrödinger basin (Chapter 2). The geographical location of Schrödinger basin near the 
South Pole made the identification of fresh surface candidates for spectral sampling limited. 
The automated algorithm used in identifying fresh surfaces with high mafic content 
(Antonenko and Osinski, 2011) helped filter through the large UV-VIS dataset of the study 
area for the identification of mafic rich areas. But the results were limited to identifying fresh 
basalt locations (Fig. 2.7) – and not to the extent of particularly defining the type of mafic 
mineral present. M
3
 data provides better spectral resolutions in defining the presence of low 
or high-Ca pyroxene, olivine, and plagioclase feldspar. Due to the unavailability of M
3
 data 
products for the entire basin, conducting an extensive analysis of the Schrödinger basin using 
this dataset was beyond the scope of the project. Other studies have been published 
subsequently on the characterization of materials within Schrödinger basin floor using M
3
 
and LOLA data (Kramer et al., 2011; Kramer et al., 2012).  
With the availability of M
3
 and LRO image and altimetry data, the spectral and spatial 
resolutions of the datasets greatly improved (Chapter 1, Table 1.1). Thereby, the potential of 
finding fresh exposed surfaces or sloped regions increased. However, new challenges arose 
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due to the different spatial resolutions between the LRO image data (WAC, NAC) and M
3
 
multispectral dataset. Fresh exposed surfaces that were detectable using image data were not 
resolvable at the instrument resolution of M
3
. This limited the number of sites suitable for 
spectral sampling. With the large data volumes of the M
3
 and LRO camera suite, the process 
of analyzing each and every image product for identifying melt deposits or sampling every 
pixel is not possible without the aid of automated scripts. This, therefore, limited the number 
of individual NAC images that could be processed and investigated in search of melt 
deposits. 
5.3 Central Uplifts of Complex Craters - Assessing the depths 
of excavation and melting  
One aspect of combining various image and multispectral datasets is the ability to determine 
estimates on the source depth of the materials excavated during these impact events. A crater 
feature particularly relevant in determining the maximum depths of excavation are central 
uplifts within complex craters. The general-held view is that minimum depth of origin of the 
central uplift material coincides with the maximum depth of melting within the transient 
cavity (Cintala and Grieve, 1998; Figure 1.4). This would indicate that compositions making 
up the central uplift unit should show spectral characteristics that reflect the maximum depth 
sampled by the crater event. This provides us a better constraint on the depths at which mafic 
rich layers may exist; particularly at sites where spectral parameters indicate a strong 
signature of mafic content yet volcanic activity is not evident on the surface (for example, at 
Olcott and Kovalevskaya craters. 
The depths of excavation and depths of melting for the three study sites are highlighted in 
Fig. 4.7 and Table 4.1.  It is noted that the depths of melting exceeds the depths of excavation 
for each of the three crater sites as predicted in model calculations (Cintala and Grieve, 1998; 
Fig. 4.7). The depths of melting range from 16 km for Olcott, 20 km for Kovalevskaya, to 60 
km for Schrödinger basin. Current interpretations of the lunar subsurface are that the crust is 
~90 km thick on the lunar farside, though much thinner (~40 km) near the South Pole-Aitken 
basin (Wieczorek et al., 2006). The lunar crust is composed of the regolith, megaregolith, and 
crustal anorthosites (Fig. 1.6). The upper crust is dominated by plagioclase feldspar and low-
Ca pyroxene, but the composition gets increasingly iron rich with depth (plagioclase; low and 
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high-Ca pyroxene; and olivine) (Tompkins and Pieters, 1999).  The depths of melting for 
Olcott crater and Kovalevskaya crater are within the lunar crust. However, Schrödinger is 
located near the crust-mantle boundary, therefore some of the mafic enriched materials may 
be derived from the lunar mantle. However, determining if the mafic source is mantle-
derived or represents impact melt deposits associated with the South Pole-Aitken basin are 
not possible using remote datasets.  
5.3.1 The central uplift at Olcott crater 
The central uplift of Olcott crater comprises a cluster of hills, with a lack of a central peak 
(Fig. 3.4). According to complex crater morphology classification scheme (Chapter 1, section 
1.5.2), this would categorize Olcott crater as a peak ring. If it is a peak ring, this would be the 
smallest crater diameter recorded so far, and this would increase the number of peak ring 
basins identified on the Moon (Baker et al., 2011). As the depth of melting approaches the 
depth of the transient cavity, the weakness in rock strength within the transient cavity will 
result in the lack of a central peak and the onset of a peak ring (Grieve and Cintala, 1992; 
Head, 2010). In the case of Olcott, the depth of melting does exceed the depth of excavation 
(Fig. 4.7). This may explain the lack of a central peak at Olcott crater. As the size of the 
transient cavity increases, more melt is generated according to model estimates (Cintala and 
Grieve, 1998). However the volume of melt observed at Olcott is far less than model 
estimates for that size of a transient cavity (Chapter 4, Table 4.1). From a compositional 
perspective; the spectral profiles within all the central hills show a variation in the type of 
absorption features present (Chapter 3, section 3.3.4). Spectral profiles of the central uplifts 
indicate the presence of plagioclase feldspar, high-Ca pyroxene, and Mg-spinel (Figs. 3.5D, 
3.8D). Mineral absorption features identified from the IBD spectral parameter map overlaid 
on altimetry (Fig. 3.8D) indicates a non-preferential distribution of the compositional 
materials. The variability in compositions within the central hills suggest that either: 1) the 
depths of origin for this hill cluster are from the mafic-rich part of the lunar crust; or 2) the 
target is heterogeneous, and the response of rock deformation to shock pressures is variable 
depending on rock rheologies. It has been observed that the transition of simple to complex 
crater within mare units occurs at smaller crater diameters than within the highlands (Pike, 
1980; Chapter 1, section 1.5.2). Terrestrial studies also note that the transition between 
simple to complex occurs earlier within a sedimentary target than it does within a crystalline 
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target (Pike, 1980).  A similar rationale can be assumed that the crater collapse within a 
heterogeneous target may result in different rates of collapse dependent on the rock 
rheologies. This may explain the difference in peak heights for the hill cluster.  
It has been proposed that a cluster of peaks with variable heights reflects a range of depths 
for the origin of the peaks; that lower peaks may originate at shallower depths (Cintala and 
Grieve, 1998).  This cannot be confirmed nor denied based on the current findings in this 
study due to the variability in compositions as discussed earlier. Detailed topographic 
profiles are needed, along with detailed spectral profiling of each of the central uplifts to 
address the question if shallow peaks originate at shallow depths. The compositions of the 
central peaks are similar to the compositions of the impact melt deposits; both units show the 
presence of high-Ca pyroxene and plagioclase feldspar (Fig. 3.5C, D). The identification of 
Mg-spinel (Chapter 3, section 3.3.4) does provide a better constrain on the depth estimate. 
Studies on the characterization of the Mg-spinel rock unit propose that such rocks are part of 
a magmatic intrusion or are excavated from depths near the crust-mantle boundary (Pieters et 
al., 2011). The multispectral assessment of Olcott crater has determined that the crater 
forming event excavated buried mafic materials from Lomonosov-Fleming basin including 
high-Ca pyroxene and Mg-spinel (Chapter 3, section 3.3.4). This adds yet another 
perspective on the characterization of mafic materials within Lomonosov-Fleming basin 
since no other observation of Mg-spinel has been made to date within the basin.  
5.3.2 The central uplift at Kovalevskaya crater 
In contrast to Olcott crater, the central uplift at Kovalevskaya crater is one consolidated peak 
making it a classic complex crater (Chapter 1, section 1.5.2). There is evidence of slumping 
on the western section of the peak (Fig. 4.3). Spectral profiling of the central peak area 
indicates the presence of low-Ca pyroxene (Fig. 4.10). The M
3
 IBD parameter map for this 
crater however indicates the presence of the 1.3 µm absorption feature and other parameter 
combinations that have not yet been effectively sampled (Fig. 4.5B). Spectral sampling was 
limited to identifying the compositions of the geologic units throughout the crater and not for 
central uplifts specifically. There are some locations that may indicate the presence of Mg-
spinel based on similar absorption intensities within the IBD parameter map (Fig. 5.1); 
however investigating this is beyond the scope of the current project and should be 
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considered for future work. With Mg-spinel being identified within the central uplifts at 
Olcott crater, and with an estimated 20 km depth of melting, it is possible that Mg-spinel may 
be present within Kovalevskaya as well. Therefore, detailed spectral profiles are needed to 
determine the overall characterization of the central uplift units of Kovalevskaya crater. 
5.3.3 Central peak ring within Schrödinger basin 
Schrödinger basin is the only basin on the Moon with a well-preserved peak ring basin 
central uplift (Fig. 2.12). Depths of melting are estimated at 60 km, close to the crust-mantle 
boundary, therefore the materials excavated and located within the central uplifts should 
spectrally represent materials typical of this depth namely mafic rich minerals (plagioclase 
feldspar, low-Ca pyroxene, high-Ca pyroxene, and olivine). Furthermore, if model estimates 
are accurate and the depth of the farside crust is ~40 km near the South Pole-Aitken basin, 
this means that melted materials and the source of the peak ring would be within the mantle 
section of the Moon.  
Spectral sampling of the peak ring indicates that much of the peak ring material is composed 
of low-Ca pyroxene and plagioclase feldspar, i.e., highland rocks (Fig. 2.9C). This study 
found a strong basalt signature on the north edge of the peak ring (within a 7 km crater) using 
the automated algorithm (Fig. 2.7). M
3
 data further validates this observation and the high 
spectral resolution of the data shows that most of the mafic content is dominated by high-Ca 
pyroxene, and olivine (Kramer et al., 2011; Kramer et al., 2012). Independent studies have 
also noted the presence of olivine and pure anorthosite sites on the peak ring (Ohtake et al., 
2009; Yamamoto et al., 2012). It is challenging to determine if any Mg-spinel may exist due 
to the mosaic of the M
3
 IBD parameter map for Schrödinger basin being spectrally 
uncalibrated (Fig. 4.5C).  
5.4 Implications 
The results from this study provide a new understanding on the distribution of melt deposits 
around older complex impact craters on the Moon. The improved spatial resolutions allow 
for a more detailed look at the emplacement of melt deposits beyond the crater floor. 
Improved spectral resolutions allow better characterization of the lunar materials within  
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Figure 5.1: Comparison of the M
3
 IBD parameter maps of the central uplift area for 
Olcott (top) and Kovalevskaya (bottom) craters. (Left) LRO WAC global mosaics of the 
craters with context views (white boxes) for the IBD parameter maps. (Right) M
3
 IBD 
parameter maps highlighting the known (black dash box) and potential locations (white 
arrows) of absorption features indicative possibly of Mg-spinel. [Image credit: 
ISRO/NASA/GSFC/Arizona State University] 
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craters. Relating the spectral signature with the depths of melting provide new constraints on 
the crater excavation and modification processes. 
Identifying the total spectral extent of observed compositions and determining if these 
compositions are tied to observed morphologies within a crater is not currently possible to 
do. This is largely due differences in spatial resolutions between spectral and image datasets, 
and issues with geospatial registration. The very recent release of the findings from the 
Gravity Recovery and Interior Laboratory (GRAIL) suggest that the crustal thickness on the 
Moon is much thinner (30 km; Wieczorek et al., 2012) than earlier estimated (60 km). This 
has widespread implications on 1) the Moon forming event, 2) the gravitational response of 
the target materials during the crater forming process, and 3) the depths of excavation and 
melting potentially tapped into during an impact event. The rates and scales at which crater 
walls may collapse, and the extent of melt deposits that may leave the crater floor may 
greatly vary from what is currently known and assumed.  
5.5 Future Work 
 Detailed investigation of impact melts and other impact units is essential. High 
resolution image data from the LRO camera network is now available, and the spatial 
extent of impact melt deposits beyond the crater floor at other complex craters can be 
determined more accurately.  
 Detailed mapping of melt deposits is also needed to accurately obtain melt 
thicknesses within various crater units. This can better constrain models estimates on 
melt generation within a transient cavity. Detailed mapping can also provide a better 
assessment on the spatial and volumetric amount of melt generation within 
heterogeneous targets. 
 In this study, M3 data was manually georeferenced in order to combine the IBD 
spectral parameter maps with morphologic data. 3D overlays of these maps were also 
done manually, thereby increasing the room for error in identifying spectrally unique 
sites. Therefore, a better correlation between the spectral and spatial datasets is 
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essential to make accurate assessments on the characterization of impact melt 
deposits. 
 The inclusion of other types of multispectral datasets, particularly high resolution 
image and multispectral data from the JAXA Kaguya mission (Ohtake et al., 2008) . 
The Lunar Imager/Spectrometer suite of instruments on Kaguya can add more 
scientific detail to various aspects of this study, including the identification of melt 
deposits. Multispectral and spatial data are available from the Multiband Imager (MI), 
Spectral Profiler (SP), Terrain Camera (TC), and Laser Altimeter (LALT) instruments 
at resolutions comparable to the Lunar Reconnaissance Orbiter (LRO) and 
Chandrayaan-1 mission instruments.  
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Appendices  
Appendix A: Mini-RF grayscale Circular Polarization Ratio (CPR) and total 
backscatter mosaic maps for the study sites 
Figure A.1: Grayscale Mini-RF radar maps of Olcott crater. [Image credit: 
ISRO/NASA/JHUAPL/LPI]  
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Figure A.2: Grayscale Mini-RF radar maps of Kovalevskaya crater. [Image credit: 
ISRO/NASA/JHUAPL/LPI] 
179 
 
 
Figure A.3: Grayscale Mini-RF radar maps of Schrödinger basin. [Image credit: 
ISRO/NASA/JHUAPL/LPI] 
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Appendix B: Techniques for Calculating the Thickness of Observed Impact Melt 
Deposits within Lunar Complex Craters 
The extent of impact melt deposits associated with each crater was identified using Lunar 
Reconnaissance Orbiter Camera suite (WAC and NAC). Lunar Orbiter Laser Altimeter 
(LOLA) data at a 1024 pixel per degree (ppd) resolution was used to derive topographical 
profiles of melt deposits in order to get a thickness value. The thickness of the different 
morphologies of impact melt deposits were estimated by assuming that the slopes 
surrounding a melt deposit (pond, veneer, or melt sheet) and the original crater floor surface 
were directly connected, and that the crater floor was smooth as well.  
B.1. Thickness of the melt sheet on the crater floor: 
At Olcott and Kovalevskaya craters, the thickness of the melt sheet on the crater floor were 
estimated by subtracting the current crater depth (using LOLA altimetry data at 1024 ppd 
resolution), from the true crater depth (Fig. B.1). Current crater depth is assumed to be an 
apparent crater depth, i.e., the crater floor is filled with a layer of melt sheet overlying the 
brecciated crater floor (Chapter 1, section 1.2). The true crater depth is estimated by 
assuming a smooth and direct connection between the crater wall slopes and the crater floor. 
By extrapolation process, the point of intersection was assumed to reflect the true crater 
depth (e.g. Fig. B.2). The calculated impact melt thickness on the crater floor would 
represent the maximum value when determining impact melt volumes. 
 
 
 
 
Figure B.1: Cross section of a complex crater showing the apparent and 
true depth- diameter relation (modified from Croft, 1980). 
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In the case of Schrödinger basin, a different approach was used to calculate the melt sheet 
thickness on the basin floor.  Previously, model calculations have estimated that the melt 
thickness lining the transient cavity of Schrödinger basin would be 1.4 km thick (Cintala and 
Grieve, 1998). Even if a significant percent of melt remains within the transient cavity as 
models estimate (Table 4.1), the collapse of crater walls and central uplifts during the crater 
modification phase would result in some of the melts being emplaced over terraces and the 
peak ring at Schrödinger basin, in addition to the melt sheet on the crater floor. Therefore, 
this value of 1.4 km is not used in estimating the current melt thicknesses on the basin floor. 
The melt thickness was, instead, estimated using the depth-diameter ratio of a 10 km simple 
crater located on the southwest section of the crater floor (Fig. 2.7).  The spectral 
characterization of impactites of this simple crater is different (more mafic-rich) from the rest 
of the Schrödinger basin floor, as summarized in Chapter 2 (section 2.3.1). It was interpreted 
that this simple crater was excavating materials at depth, possibly sampling impact melt from 
the South Pole-Aitken basin (Chapter 2, section 2.4.5). No other post-Schrödinger crater 
feature show similar spectral variations on the basin floor (Figs. 2.7, 2.8B, 2.9B; section 
2.3.7). Therefore, the melt thickness calculated using this technique provides a maximum 
value on the melt thickness within the basin floor.  
B.2. Thickness of impact melt deposits along terrace surfaces, melt ponds, and melt veneers: 
At each crater site, the volume was estimated through a series of steps. First, topographic 
profiles were extracted of surfaces perpendicular to the melt deposit surface. LRO – LOLA 
data was used to derive topographic information (1024 ppd resolution). The next step was to 
assume that the slopes surrounding the deposit were smoothly connected to the surface 
beneath as done earlier for calculating the thickness on the crater floor. Slopes were 
extrapolated on either sides of the deposits, and the point of intersection was assumed to be 
the depth of the original terrace surface. The depth of the melt deposit was calculated by 
subtracting the depth of the current pond surface from the depth of the terrace floor (Fig. 
B.2). Multiple topographic profiles were extracted at locations with a range in the size of the 
melt morphology. This way a range of melt thicknesses could be obtained to better constrain 
the melt volume. The melt thickness within melt ponds are estimated the same way as above 
in the case of terraces.  
182 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The thickness of melt veneers were estimated in a different way that methods listed earlier. 
Once the extent of melt veneers was determined, the LROC NAC image database was further 
searched to locate examples of veneer outcrops. For a coherent veneer outcrop, the shadow 
height along a vertical scarp face was taken as a measure of the thickness (e.g. Fig. B.3).  
Figure B.24: Cross section view of a pooled deposit along terraces or 
beyond the crater rim. The depth of the melt deposit is the same as 
melt thickness. Where available multiple topographic profiles are 
taken to acquire a potential range in melt thickness to better constrain 
the melt volume. 
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Figure B.3: An example of calculating the thickness of a melt veneer at Olcott crater.  
The measure height of shadow near a rim scarp provides a minimum estimate on the 
melt thickness of the deposit. [Image credit: NASA/GSFC/Arizona State University] 
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Appendix C: Moon Mineralogy Mapper (M
3
) Data Product List and Processing 
Summary 
The Moon Mineralogy Mapper (M
3
) data from the Chandrayaan-1 mission was extensively 
used to characterize the mineralogical information for each of the study sites. This included 
generating false colour composite maps. Such composite maps typically highlight the 
strengths of the absorption bands at particularly at integrated band depths characteristic of 
lunar minerals. Such maps are known as IBD Composite Maps. The other utility of M
3
 data 
was in obtaining individual reflectance spectral profiles for sites of interest.  
Due to the lack of readily available, calibrated, and georeferenced data, raw M
3
 data had to 
be processed in multiple ways to extract individual spectral profiles and generate IBD 
composite maps. Details of the individual M
3
 product types and the various stages of data 
processing conducted for each of the study sites are summarized in Sections C.1 – C.2.  
 
Spectral Profiles presented in Chapters 2–4 (Figs. 2.9, 3.5, 3.8D, 3.9, and 4.10) display 
continuum removed profiles. Continuum removal is typically used to normalize reflectance 
spectra to compare individual absorption features from a common baseline (Joseph, 2005). 
The continuum is a straight-line that connects spectral maxima at spectral wavelength range 
of interest. The default continuum removal algorithm available in ENVI v. 4.8 (Exelis Visual 
Information Solutions, Boulder, Colorado) was utilized in analysis for this study.  
C.1. Deriving individual reflectance absorption spectral profiles each of the 
study sites 
Olcott Crater 
For Olcott crater, three M
3
 products (Table C.1) were downloaded from the Lunar Orbital 
Data Explorer portal (ode.rsl.wustl.edu/moon). Since M
3
 product tiles typically cover a large 
swath of the lunar surface (specify the width and height), each reflectance data product file 
was brought into ENVI version 4.8 (Exelis Visual Information Solutions, Boulder, Colorado) 
and later cropped to the necessary size dimensions for the analysis. Typically, the area for 
analysis included Olcott crater and a surrounding surface extending one crater diameter 
beyond the crater rim that was visible in the product file.  
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Table C.1: M
3 
Product Information for Olcott Crater 
Product ID Product Level Product Level 
Description 
M3G20081231T113333_V01_RFL Level 2 
pixel located, thermal 
corrected, photometry 
corrected, reflectance data 
5.1 M3G20090530T160828_V01_RFL Level 2 
pixel located, thermal 
corrected, photometry 
corrected, reflectance data 
M3G20090530T201123_V01_RFL Level 2 
pixel located, thermal 
corrected, photometry 
corrected, reflectance data 
By default the downloaded data is band interleaved (BIL). In order to view reflectance data 
and extract spectral profiles, the data would have to be in band sequential format (BSQ). The 
data conversion was possible using the built-in conversion feature in ENVI v. 4.8 (located 
within the Basic Tools menu).  
Following the conversion to BSQ, data values for each of the individual band filters were 
read in using the Oasis Montaj (Geosoft Inc., Toronto, Ontario). Spectra sampling sites were 
typically located along sloped surfaces or freshly exposed surfaces. Due to the calibration 
issues stemming from the thermal effects and instrumentation artefacts, the spectral range 
typically plotted to derive spectral plots were limited to band filters 3 (540 nm) – 85 (2936 
nm). Spectra were sampled using a 3x3or 5x5 pixel averages. Each spectral profile acquired 
was compared to the M
3
 spectral library (Lundeen et al., 2010) to determine mineralogy. 
weathered spectral profiles in our analyses as they are hard to distinguish. Sloped surfaces 
tend to expose the freshest surfaces by inhibiting regolith build-up. Freshly exposed surfaces 
on the slopes of smaller craters can be used to sample the immediate subsurface (McCord et 
al., 1981; Antonenko, 1999; Staid et al, 2000). Shadowed regions or overly bright areas 
(where reflectance was supersaturated) were not used for spectra selection to avoid 
misinterpretations. 
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Kovalevskaya Crater 
Two M
3
 products (Table C.2) over the Kovalevskaya crater region were downloaded from 
the Lunar Orbital Data Explorer portal (ode.rsl.wustl.edu/moon). The data processing and 
sample selection processes were similar to those described for Olcott crater (above). 
Table C.2: M
3 
Product Information for Kovalevskaya Crater 
Product ID Product Level Product Level 
Description 
M3G20090812T071513_V01_RFL Level 2 
pixel located, thermal 
corrected, photometry 
corrected, reflectance data 
M3G20090618T112223_V01_RFL Level 2 
pixel located, thermal 
corrected, photometry 
corrected, reflectance data 
Schrödinger Basin 
A single M
3
 product (Table C.3) crossing through a section of the Schrödinger basin was 
downloaded from the Lunar Orbital Data Explorer portal (ode.rsl.wustl.edu/moon). Radiance 
data was converted into reflectance data using the processes described in (Green et al., 2010). 
Table C.3: M
3 
Product Information for Schrödinger Basin 
Product ID Product Level Product Level 
Description 
M3G20090529T013507_V01_RDN Level 1B 
pixel located, resampled, 
calibrated, radiance data 
 
C.2. Generating Integrated Band Depth (IBD) Composite Maps 
Spectral parameter IBD maps were generated at each of the crater sites to: 1) assess the 
distribution of these spectral parameters at a first order crater-wide scale, and 2) determine 
sampling spots for capturing individual spectral profiles that would be representative of the 
various colours identified in the spectral parameter map. For this study, the band 
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concentrations at 1 µm, 1.3 µm, and 2 µm were selected to determine the presence of low- 
and high-Ca pyroxene, olivine, spinel, and plagioclase feldspar on the surface.  
The generation of IBD composite maps involved an elaborate series of steps, where certain 
band filter channels were manipulated using algorithms defined by Mustard et al. (2011) and 
Donaldson Hanna et al. (2012). The exact steps are summarized below.  
The IBD value at 1 µm (olivine) was calculated using the following algorithm (Mustard et 
al., 2011).  
                                                            Equation C.1. 
where R = reflectance at given wavelength; Rc = continuum reflectance i.e. a straight line 
across the absorption band 
The IBD value at 2 µm (spinel) was calculated using the following algorithm (Mustard et al., 
2011).  
                                                        Equation C.2. 
where R = reflectance at given wavelength; Rc = continuum reflectance i.e. a straight line 
across the absorption band 
The IBD value at 1.3 µm (plagioclase feldspar) was calculated using the algorithm defined 
by Donaldson Hanna et al. (2012).  
                                                      Equation C.2. 
where R = reflectance at given wavelength; Rc = continuum reflectance i.e. a straight line 
across the absorption band 
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Once the values for each of the IBD parameters were calculated, the composite maps were 
combined in RGB mode with the 1 µm in the red channel, 2 µm in the green channel, and 1.3 
µm in the blue channel to generate composite maps as seen in Fig. 4.5.  
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